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ABSTRACT
The firs t shade-house microclimatic model was developed based on 
the energy and moisture balances of four shade-house system components -  
the shade cloth, inside air, canopy, and soil surface. The transport is 
parameterized by resistances for small-scale turbulence and by interm ittent 
refreshment for large-scale non-local gusts. The temperature and humidity 
in a semi-infinite shade house are predicted when the six coupled differential 
equations based on the energy and moisture balances are simultaneously 
solved. The model includes liquid-water balances for surfaces. The model 
requires only weather data, and, if desired, measured shade-house 
characterization data. Weather data for running the model, inside 
temperature and humidity data for verifying the model, and energy balance 
and turbulence data for further development of the model processes were 
collected in a large commercial shade house near Pahoa, Hawaii from 10 
January to 25 March 1992.
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CHAPTER 1 
INTRODUCTION
1.1 BACKGROUND ON SHADE HOUSES
1.1.1 The Use of Shade in Crop Production
Shading has been commonly employed in the production of nursery, 
flowering (for example, anthurium and orchid), foliage (for example, 
tobacco), and root (for example, ginseng) plants to reduce the unfavorable 
effects of high sunlight for horticultural crops w ith high value (Barden, 
1987). The shade cloth protects plants from excess sunlight, w ind, 
desiccation, and insects, and helps make shade-loving plants flourish 
(Waggoner et al., 1959). Black or white shade cloth, which is available to 
provide from minimal to 95% shade, is commonly used for shading.
Shading in this study means the artificial shading from shade cloth, 
which is made of saran (one kind of thermoplastic resin derived from vinyl 
compounds) or plant fibers. Various terms have been applied to shading: 
shade tent, shelter tent, cheesecloth tent, shade canopy, shade cloth, and 
shade house. The name shade cloth will be used in this thesis for the 
shading materials which provide the shading; the name shade house w ill be 
used to represent the structure of the shading which is made of the shade 
cloth and some other construction materials.
1.1.2 The Study of Shading Effects on the Microclimate
In the absence of m icroclimatic data, people have expected various 
effects from shade cloth. Shade cloth is often expected to reduce 
temperature and radiation levels during the day, to keep the temperature 
warmer at night, as well as to increase the humidity level. From the point of 
v iew  of micrometeorology, shading materials modify the microclimate in the 
shade house by absorbing and reflecting the incident solar energy and 
reducing the solar energy load received in the shade house, and by reducing 
air exchange w ith  the atmosphere. This modification w ill help to reduce the 
radiation energy load on the crop leaf, and reduce crop transpiration rates 
and soil evaporation rates, so presumably the heat and moisture stress on 
plants w ill be reduced. Because the growing conditions under shade cloth 
can enhance crop yield and quality, agrometeorologists have been interested 
in investigating the modification of the microclimate in shade houses for a 
long tim e (Jenkins, 1900; Frear, 1906; Stewart, 1907; Street, 1934; 
Purdy, 1933; W aggoner et al., 1959; A llen , 1975; A y lo r and Tay lo r,
1982; Stathers and Bailey, 1986; Graser and Amiro, 1991; Graser and 
Xia, 1994a and 1994b).
Many investigations have found that shade houses increase the inside 
temperatures while other studies show the opposite. Most investigations of 
the shade-house microclimate have found that the humidity o f the inside air 
is higher than that outside (for example, Frear, 1906; Purdy, 1933;
2
Waggoner et al., 1959; Allen, 1975; Aylor and Taylor, 1982); soil 
moisture is increased and soil temperature is decreased by the shade cloth 
(for example, Frear, 1906; Waggoner et al., 1959; Aylor and Taylor, 1982; 
Stathers and Bailey, 1986); wind speed is significantly reduced beneath the 
shade cloth (for example, Waggoner et al., 1959; Aylor and Taylor, 1982; 
Stathers and Bailey, 1986; Graser and Amiro, 1991; Graser and Xia,
1994a and 1994b); and evaporation and transpiration are less in the shade 
house (for example, Waggoner et al., 1959; Stathers and Bailey, 1986; 
Graser and Xia, 1994a and 1994b). These studies, however, vary in the 
purpose of the research, characteristics o f the shade house such as the 
height and size, the location of the shade house, and the type and the usage 
of the instruments. As a result of these differences, the different studies are 
not unanimous in their conclusions about the effect of a shade house on the 
microclimate.
A number of studies found elevated temperatures in shade houses. 
Freer (1906) reported that, on days w ith bright sunshine, the temperature 
inside the shade house (about 2 -m high, size of the shade house was not 
indicated) was higher than outside. A difference between the inside and 
outside temperature of 10 °C appeared at 1500 h on 5 September. Stewart 
(1907) found that the temperature w ithin a shade house (dimensions were 
not given) was 0.5 to 3 °C warmer at midday than the temperature outside. 
Stathers and Bailey (1986) studied a ginseng shade house (135 by 155 m, 2
3
m high) and concluded that air temperature beneath the shade cloth is up to 
6  °C higher during the day and 2 °C higher at night than an adjacent open 
area. According to the microclimatic data in a porous shade house between 
10 January and 25 March 1992 on the Big Island of Hawaii, Hawaii, Graser 
and Xia (1994b) found that the temperature in a shade house (230 by 154 
m, 3 m high) was 2.3 °C higher on average than that outside during the 
midday.
In contrast, other studies found depressed temperatures in shade 
houses. Purdy (1933) found that on very warm days shade cloth 
(dimensions were not given) decreased the air temperatures by 1 to 3 °C, 
but on cool days there was no temperature difference between inside and 
outside. Waggoner et al. (1959) compared the m icroclimatic conditions in a 
tobacco shade house (45 by 55 m, 2.7 m high) w ith  those in an adjacent 
open area. On a clear day, the house slightly decreased the temperature 
during the day and decreased the temperature 1.5 to 2 °C at night compared 
to an adjacent open area. On a cloudy day, the temperature was nearly 
equal inside and outside. Valli and Young (1963) reported that the mean 
monthly air temperature was reduced about 1 °C by shade cloth. Allen 
(1975) reported that the temperature at a 0 .40 m height under shade cloth 
(dimensions were not given) was 3 °C lower than that in open air on 22 
August 1971. Frear (1906) and Stewart (1907) reported the night-time air 
temperature was slightly lower than that in an adjacent open area. Graser
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and Xia (1994) also found that the average temperature is 0 .6  °C lower than 
that outside during the night.
Unlike most investigations which report that the humidity of the inside 
air is higher than that outside, our data show that humidity is lower in the 
shade house than that at the weather station upwind of the site during the 
day (Graser and Xia, 1994a and 1994b). Because the conclusions of the 
other studies are based on the relative humidity which depends strongly on 
the temperature and no data were presented in the reports, we cannot make 
a conversion to allow a comparison based on the vapor pressure or other 
conservative measures of atmospheric humidity.
How does the microclimate in a shade house differ during the day and 
at night from open air conditions? How does temperature modification by 
the shade cloth differ among different shade houses? Early work on the 
microclimate in shade house was limited by the meteorological theory and 
the observational instruments. Waggoner et al. (1959) said "We shall see if 
the  advances in m eteoro log ica l th e o ry  and ins trum en ts  will pe rm it a be tte r 
description of the climate and understanding of the physics of the shade 
ten t." W ith further developments in meteorological theory and 
instrumentation, it should now be possible to describe the microclimate of 
shade houses.
In order to know the effect of shade cloth on the microclimate in a 
shade house on a physical basis, the energy and mass (water vapor) balance
5
analysis approach is applied to investigate the solar energy distribution in the 
shade-house system (Stathers and Bailey, 1986). They conclude that the 
solar and net radiation were reduced by up to 75% beneath the shade cloth 
during the day; most o f the net radiation was dissipated as sensible heat 
both above and below the shade cloth; ventilation was also significantly 
reduced in the shade house. Graser and Amiro (1991) studied the effect of 
shade cloth on the heat and moisture exchange between inside and outside 
air in a porous shade house and found that the shade cloth reduces the air 
turbulence by 2/3 of outside air turbulence in terms of the variance in the 
vertical velocity which was constant w ith height in the shade house.
1.1.3 Disease Problems in Shade Houses
Recently, the microclimate in shade houses has been hypothesized to 
favor the development of some crop diseases. For example, the tobacco 
blue mold, caused by the fungus Peronospora tabacina Adam, is stimulated 
by coo l m o is t m ic roc lim a tic  cond ition s  (A y lo r and T ay lo r, 1982). A y lo r and 
Taylor (1982) suggested that when a plant disease is introduced, it may 
thrive and become epidemic or decline and disappear depending largely upon 
the microclimate.
Stathers and Bailey (1986) reported that in commercial operations 
where a large area is covered by shade cloth, the root zone soil or straw 
mulch remains wet for extended periods, allowing fungal diseases to become
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established and cause extensive damage to the crop.
The anthurium blight epidemic at Hilo, Hawaii caused by the 
bacterium Xanthomonas campestris pv. diffenbachiae (for example, Graser 
and Amiro, 1991; Graser and Xia, 1994b) has been suspected to result 
from a warm and humid microclimatic condition in the shade houses. The 
questions that anthurium flower growers are quite concerned about are:
What size and height of a shade house are suitable for growing anthurium 
flowers, that is, what dimensions result in a microclimate which provides the 
minimum risk of promoting anthurium blight? W hat w ill be the temperature 
and humidity in a specific size shade house? Are the temperatures and 
humidities in shade houses near the optimum for blight? To answer these 
questions we need first to understand how the weather and shade-house 
design affect the microclimate in shade houses.
1.1 .4 Crop Production in Shade Houses
Crop production in shade houses is promoted if the microclimatic 
conditions are near the optimum for the particular crop.
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1.2 NEED FOR A SHADE-HOUSE MODEL
1.2.1 The Need for a M icroclimatic Model for Management o f Commercial 
Shade Houses
To make more efficient use of water and to manage the shade-house 
microclimate to optimize crop yield and quality, a physically based process
model o f the shade-house system is needed to predict the outcome of 
management changes and to serve as the basis for management decisions. 
These needs cannot be addressed experimentally, because the number of 
potential management options and year-to-year weather variability exceeds 
field-based research possibilities. A physically based, process model is 
necessary so the model w ill be flexible enough to handle changes in the 
shade-house system. The model needs to be able to predict based on 
common meteorological data such as solar radiation, wind speed, air 
temperature, and humidity to allow widespread use.
An example of how a model could enhance shade-house environment 
modification and control and the efficient use of resources is in the 
management of irrigation. High daytime temperatures in shade houses can 
promote anthurium blight development, and sprinkler irrigation can be used 
to decrease the high temperature. If the irrigation system is controlled based 
on a m icroclimatic simulation model and the irrigation is only given when it is 
needed, the irrigation water and the energy used for irrigation are used more 
efficiently than w ith  a clock-based irrigation schedule.
Using the microclimatic model in the management of the shade 
houses can be expected to bring benefits as use of greenhouse models in 
the control of greenhouse microclimates has. For example, the microclimate 
model can be used in the control of the microclimate in greenhouses for 
calculating the energy requirement so that the energy usage is more
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efficient, and for providing a suitable growth environment appropriate for the 
requirements o f valuable crops.
Until this time, no microclimatic simulation model has been developed 
for shade-house management.
1.2.2 The Need for a M icroclimatic Model for Shade-House Design
Because the various factors such as size and height and the 
properties of the shade cloth that affect the shade-house microclimate can 
be tested in a well developed shade-house microclimatic simulation model 
and, not easily by other means, a simulation model of the microclimate of 
shade-houses microclimate is needed to aid design of shade houses.
1.2.3 The Need for a M icroclimatic Model for Shade-House Research 
Shade houses are complex systems which consist of many
components, processes, and linkages. The energy and mass transfer 
processes between the components o f the system -  the roof, air, crop, and 
soil -  determine the dynamic and static behavior of shade houses. To 
represent all components in the system, to describe the exchange processes 
between these components, and to make accurate predictions of the 
microclimate, simulation modelling on computers is the only realistic 
approach.
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With a simulation model, the processes in a shade house can be 
explored in a way not possible in a real system, for example, individual or 
select groups of variables can be varied and alternate approaches to 
modeling the system can be studied. This is important because investment 
in research is often limited.
1.3 OBJECTIVES OF RESEARCH
Although the shade-house microclimate has been studied o ff and on 
for almost 1 0 0  years and a number o f investigations have considered the 
effects of shade cloth on the microclimate w ith  the purpose of improving the 
performance of the shade-house system, still the shade-house microclimate 
has not been investigated and understood thoroughly; and, especially, it has 
not been described theoretically by mathematical modeling to the extent of 
the greenhouse microclimate.
Fig. 1.1 shows that the temperature in the middle of the shade house 
we studied reached a plateau where the horizontal temperature gradient was 
small, and, thus, the horizontal heat movement was small. Because the 
horizontal heat movement at the center of the shade house can be 
neglected, one-dimensional models can be applied to describe the heat and 
water-vapor exchange in the vertical direction in the plateau area. A t the 
edge of a large shade house or throughout a small shade house in which the 
temperature does not reach a plateau, a tw o- or three-dimensional model will
10
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be needed to catch both the horizontal and vertical exchanges of heat and 
water vapor.
The objective o f this study is to:
Develop a component-type simulation model, that can simulate the average 
temperature and humidity of the shade-house components in semi-infinite, 
porous-cloth shade houses, based on energy- and mass (water) balance 
principles, w ith  energy and moisture transfer in the vertical direction 
between the components of the shade-house system and w ith  average
Fig. 1.1 Temperature distribution in a porous shade house (Graser and Xia, 
1994a). Solar radiation was greater than 600 W/m=* and the wind direction 
was between 15 and 65° from N. Data were collected between 10 January 
and 25 March 1992 (see Chapter 3).
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CHAPTER 2 
LITERATURE REVIEW
2.1 A PHYSICALLY BASED APPROACH TO MODELING
Physically based modeling can allow the mathematical description of 
the state of a system over time as well as the interaction between 
components in the system at any specific time. The processes of the 
interaction among the system components can be described by physically 
based equations allowing the prediction of the state variables o f the 
components. The shade-house microclimatic model w ill be based on this 
approach to simulation modeling. The shade-house system components will 
be defined; the processes of interaction among the components w ill be 
described; and the state variables, such as temperature, water-vapor 
content, etc., w ill be predicted.
Physically based models offer the advantage of applicability to 
systems and regions beyond the system studied. Their development, 
however, requires detailed knowledge of the processes active in the system. 
Because there are many previous works on greenhouse models and crop- 
canopy models, but not on shade-house models, as a starting point for 
developing a shade-house model, we will consider physically based 
approaches taken to modeling greenhouses, and crop and forest canopies.
2.2 MICROCLIMATE MODELS FOR GREENHOUSES
2.2.1 Models of the Energy Balance of Greenhouses as a Whole Unit
The energy and moisture balance approach is based on the balance 
between energy and/or mass flow ing into and out o f a system. If the fluxes 
are equal, the system is in steady state; if either the input is greater than 
the output or the output is greater than the input, the system state will 
change, that is, storage in the system will change.
Greenhouse microclimatic models involving different amounts of 
mathematical simplification represent the microclimate of real greenhouse 
systems. The simplest approach to modeling the greenhouse microclimate is 
to consider the whole greenhouse as a unit w ith average conditions. These 
simple models may also only consider some of the energy-balance 
components such as the heat gained by solar radiation and the heat lost by 
convection and conduction due to the temperature difference between the 
inside and the outside of the shade house.
Udink (1984) gives an example of this simple approach. He considers 
the greenhouse as well mixed and describes the change in the greenhouse 
temperature by a heat-storage term. His model can be conceptually 
expressed as
13
Heat storage = short-wave radiation
-I- heat exchange through roof w ith the outside air 
+ ventilation heat loss 
-I- heating
Udink did not directly include latent-heat flux, long-wave radiation, and soil 
heat flux in his analysis, but he thought that the coefficients in his model 
compensate for them.
2.2.2 Model o f the Energy and Moisture Balances of Multiple Greenhouse-
System Components
A more detailed modeling approach to the greenhouse microclimate is 
to consider the energy balance of the greenhouse components separately 
(for example, Iwakiri and Uchijima 1971; Kimball 1973; Van Bavel et al., 
1 9 8 0 ,1 9 8 1 ; Alabiso et al., 1984; Arinze et al., 1984). In these 
approaches, the greenhouse system is often divided into the roof, the inside 
air, the crop, and the soil. The energy and moisture balance equations, as 
described for the greenhouse as whole unit in the previous section, are now 
developed for each of the greenhouse components. Additional energy- 
balance components such as net radiation, sensible-heat and latent-heat flux 
are included in these models. In some cases, the soil and crop canopy are 
divided into several layers when the canopy or soil energy balance is 
computed (for example, Arinze et al., 1984). In some cases a detailed 
model of radiative heat transfer is included.
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Arinze et al. (1984) establish a greenhouse simulation model based on 
the assumptions that the air inside the greenhouse is well mixed and the 
temperature gradients in the inside air are negligible and that soil heat 
transfer in the soil layer is only in the vertical direction. Their model can be 
given conceptually as:
Heat storage = solar radiation
+ long-wave radiation
-I- convective heat transfer from the inside air 
to active or passive thermal storage 
-I- convective heat transfer from the canopy 
to the inside air 
-I- floor edge and corner heat loss 
+  heat loss by ventilation 
•f heating
Multiple-component models exist which do not assume the green 
house is uniform and which handle temperature and moisture gradients (for 
example, Alabiso et al., 1984).
2.2 .3 Modeling the Turbulent or Aerodynamic Flow in Greenhouses
Unlike the energy and moisture balance approach, models of turbulent 
or aerodynamic flow  predict the conditions in greenhouses based on air 
movement and transport of energy and water vapor. Newton's First Law
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states that the motion of a body is determined by forces exerted on it. 
Starting from the momentum equation, the movement of air and wind 
turbulence in greenhouses is described based on the balance of the forces 
on the unit mass of air.
Okushima et al. (1989) give an example of this modeling approach for 
a greenhouse system. Their model is for an incompressible, three- 
dimensional turbulent flow  in greenhouses w ith natural ventilation. The 
model, which predicts the distribution of air flow , that is, the velocity field, 
and which includes a temperature and gas concentration submodel, can 
predict the spatial distribution of temperature and humidity or gas 
concentration for various types of greenhouse structures including w ith 
different arrangements of ventilator openings and plants. W ith the small- 
scale motions which occur in greenhouses, air movement is predicted by 
Local rate o f change of wind =
momentum transfer in horizontal direction 
-I- tu rb u le n t k ine tic  energy 
-I- pressure
-f- vortic ity  from wind shear 
+ buoyancy due to heat forcing 
-t- friction from the crop canopy 
To predict the velocity distribution, the model requires the upstream 
boundary (the weather conditions in the upwind direction outside of the
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greenhouse), the downstream boundary, the side boundary, the upper 
boundary, the wall boundary at ground level, and the wall boundary o f the 
greenhouse. The submodel of temperature and gas concentration is 
conceptually given by
Local rate of change of temperature =
Heat transfer by horizontal wind 
+ Heat transfer by diffusion 
Local rate o f change of gas concentration =
Gas transfer in horizontal direction 
+ Gas transfer by diffusion 
+ Gas source term 
+ Gas sink term
2.2 .4  Implications of Greenhouse Models for Modeling a Porous Shade 
House
Although greenhouse models are distinct from shade houses, since 
they lack the predominate natural ventilation experienced by shade houses, 
the energy and mass balance approach, particularly considering multiple 
uniform components w ith  vertical fluxes between them, is applicable to 
modeling shade houses.
In the middle of a shade house, we can consider the house uniform as 
Udink did, but there are other problems w ith applying this model to a shade
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house. Natural ventilation through the porous walls is too complicated to be 
described by ventilation heat loss and a roof resistance.
Similar to a multiple-component model of a greenhouse, a shade- 
house system also can be divided into the shade cloth, inside air, crop, and 
soil; each of the components can be described. This will allow us 
understanding how the behavior o f the components affects the shade-house 
microclimate and how much each component contributes to the shade-house 
energy and moisture balance. The multiple-component energy- and 
moisture-balance approach will be applied to develop the shade-house 
microclimatic model.
Although the aerodynamic turbulent flow  model is based on physical 
principles, it theoretically could describe the wind speed well, it is three 
dimensional and can handle horizontal transport of heat and gas, and it can 
handle some natural ventilation, it is not currently considered a practical 
basis for shade-house modeling. It has several disadvantages. Most 
important, the turbulent flow  model does not model the energy input or 
output, but instead describes the temperature distribution in terms of a 
constant field of temperature, so it is not possible to predict the temperature 
change over time w ithout adding an energy balance to the model. It also 
requires kinematic and thermodynamic parameters which are unavailable.
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2.3 MICROCLIMATE MODELS FOR CROP AND FOREST CANOPIES
2.3.1 The Energy- And Mass-Balance Approach to Models
A common approach to energy and mass balances of vegetative 
systems is to consider the canopy as a "b ig" uniform leaf or, similarly, a 
single component or zero-dimensional object. The energy balance, such as 
the radiation, sensible-heat, and latent-heat exchange, and the water-vapor 
balance are developed based on the ideal simplified "big leaf". The 
temperature is directly solved from the energy balance of the canopy. An 
advantage of the big-leaf approach is that the canopy model is easy to 
establish and solve because details of the canopy physical structure, such as 
the leaf angle distribution and the vertical distribution of the leaf area, are 
not considered. A disadvantage of the big-leaf approach is that the details 
about the canopy structure are hidden, and thus the model cannot simulate 
the profile o f the microclimate in the vegetative canopy. Some examples of 
the big-leaf approach are Arinze et al. (1984) and Deardorff (1978).
D e ard o rff (1978 ) presents a m ic roc lim a tic  m odel fo r the  soil su rface  
w ith  a layer of vegetation based on available temperature and moisture 
models. The model predicts the microclimatic behavior o f the canopy 
system, such as the canopy temperature, soil temperature, soil moisture, 
amount of liquid water on the leaves, etc. Conceptually, his one­
dimensional energy balance of the soil temperature model can be described 
by
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Heat storage = Energy input - Energy output 
where the rate of change in temperature is calculated from the heat storage. 
Because the soil heat flux at the bottom of the subsoil is assumed negligible, 
the subsoil temperature model only has one term. The approach for 
describing the soil surface temperature is called the force-restore method 
because the soil surface-temperature is forced or driven by the soil heat flux 
term that connects the soil temperature to the environmental conditions 
through the soil surface energy balance and it is restored by the term which 
contains the deep soil temperature. The soil heat flux G is determined from 
the soil surface energy balance:
- G = NR, + H, + LE, 
where NR, is the net radiation received by the soil surface, H, is the 
sensible-heat flux density from the soil surface, and LE, is the latent-heat 
flux density from the soil surface. This method predicts surface temperature 
well w ithout many soil layers as utilized by many other soil temperature 
models. Because the method of predicting the soil temperature is based on 
the energy balance, it should apply at any place and any condition if the 
energy balance of the soil surface and the soil physical properties are 
available. A problem w ith  the approach is that the same soil heat flux term 
is used in both the surface and the subsoil temperature equations. This may 
be inaccurate because some heat energy would be stored by the surface soil 
layer.
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Although Deardorff's model emphasizes the soil surface temperature, 
it also includes the soil moisture and canopy water balances, as well as the 
canopy layer energy balance, because these variables can also affect the soil 
temperature. The soil-moisture balance includes precipitation arriving at the 
soil, soil-surface evaporation, water uptake by plants, and water movement 
between the soil layers. Liquid water on the crop canopy is simply 
expressed as the balance of precipitation intercepted by the leaf, 
condensation (dew), and evaporation and transpiration from the leaf. 
Deardorff gives a scheme to describe the extent o f liquid water on the leaf 
surfaces (this is described in detail in Section 4.1 .5). The temperature of 
the canopy foliage is predicted by solving for the foliage temperature in the 
long-wave radiation term of the canopy foliage energy balance.
Because of the non-uniform ity in the physical structure o f the 
vegetative canopy, a one-dimensional approach to modeling vegetative 
canopies describes the energy balance for each horizontal layer of the 
sys tem . U sually  the e ffe c ts  of the va ria tion  in the in c ide n t so la r rad ia tion  
and the wind speed on the energy and mass balances and exchanges are 
considered. An advantage of the one-dimensional approach is that the 
radiation balance and the sensible-heat and latent-heat exchanges are 
calculated for each layer, so the temperature and water-vapor profile in the 
canopy can be predicted. A disadvantage of this approach is tha t the 
velocity profile through the canopy, the stomatal resistance for all layers.
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and the canopy structure need to be known (Norman, 1979); these 
requirements add complexity to the model, so the model is d ifficu lt to 
establish and solve. Inaddition, horizontal energy and mass fluxes are 
ignored. Some examples of one-dimesional canopy models are Goudriaan 
(1977), Norman (1979), and El-kilani (1991).
Horizontal advection o f sensible-heat and latent-heat fluxes is usually 
neglected in energy-balance studies in microclimatology because of the 
d ifficu lty  of including it. This necessitates selection of systems to model 
where the horizontal gradient o f temperature and moisture w ill be negligible. 
If a large temperature difference exists between the canopy and the 
surrounding air, the horizontal sensible-heat and latent-heat transfer are large 
when the surrounding air flows through the crop canopy such as at the 
edges. For a horizontal temperature gradient 0T/3x of 1 °C per 100 m, the 
horizontal sensible-heat flux density H may be as large as 100 W m'^ based 
on a wind speed U of 2 m and according to the equation (Thom, 1975; 
Kanemasu et al., 1979)
H = J  d(C, U T)/0x « Zr C3  U 0T/3X 
0
where Zr is the reference height of 4 m above the surface; is the heat 
capacity o f air of 1.25 J m'^ K
Because the horizontal energy transport is not necessarily negligible in 
a vegetative canopy, three-dimensional energy exchange models have been
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developed for w ith in canopies to take into account both vertical and 
horizontal heat exchange (for example, Martsolf and Panofsky, 1975; 
Kanemasu et al. 1979). The basic equation in this type of model is 
C, 0T/3t + C, duT/dx + C, dvT/dy + C, dwT/dz 
= NR + H + LE + G + J 
where T is the temperature (°C); x, y, and z are the coordinate directions 
along and across the prevailing wind direction and the height; u, v, and w  
are the x, y, and z components o f the wind vector; NR is the net radiation 
flux; H and LE are sensible-heat and latent-heat fluxes in the vertical 
direction; G is the soil heat flux; J is the source or sink term which includes 
the heat storage rate in canopy and the latent-heat and sensible-heat storage 
in the air.
2 .3 .2 Approach to Modeling Transport in Crop Canopies
2.3.2.1 Gradient Diffusion and Resistance Approaches
A ir m ovem ent p lays an im p o rta n t role in heat, w a te r vapo r, and 
momentum transfer in a crop canopy. The vegetative canopy also has a
significant influence upon the exchange processes. In studies o f the air
movement and the exchange processes of scalars w ith in vegetative 
canopies, a common approach (for example, Goudriaan, 1978) to describing 
the exchange of scalars in the vertical direction, gradient diffusion, has been 
applied in terms of exchange coefficients (k theory)
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F = -k(z)dC/dz
where F is the vertical flux density of the scalar, k(z) is the exchange 
coefficient at height z, and C is the scalar concentration (heat, vapor 
density, carbon dioxide concentration, etc.) or in terms of resistance by 
analog w ith  Ohm's Law (for example, Monteith, 1973; Campbell, 1977)
F = [C(zi) - C(z2 )]/r, 
where r^  is the aerodynamic resistance to transport between the path 
endpoints.
These equations can be used in canopy models to simulate the scalar 
transport between multiple layers in vertical direction along the gradient of 
the scalar, if the scalar concentration profile and the profile o f the exchange 
coefficients or the aerodynamic resistances are known. For example, El- 
Kilani (1991) describes the canopy by three layers. The heat and water- 
vapor transport between each component is described by the local transport 
resistance. When the temperature and water-vapor content difference and 
the resistance to transport between the layers are known, the fluxes o f the 
heat and water-vapor between the layers can be calculated by the above 
equation.
The resistance approach is often written such that one of the 
concentrations is at the surface where, for sensible heat flux,
H = C,(T, - TJ/r ,
where T^ and T  ^ are the air and the surface temperatures, and r  ^ is the
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boundary-layer resistance to the transfer of the sensible heat, or, for water- 
vapor flux from a leaf,
E = DJq, - q,(T 3 ))/(r^ -h r j  
where is the density of the air; q  ^ is the specific humidity o f air; is
the saturated specific humidity at the surface temperature; r^ is the 
boundary-layer resistance to the transfer of water vapor; r^  is the stomatal 
resistance. The water-vapor equation assumes the stomatal cavity is 
saturated at the surface temperature and that the stomata control the loss of 
this water vapor from the surface.
Various approaches have been used to determine aerodynamic 
resistances. As an example, the resistance to heat transfer r^  has been 
measured in laminar forced convection as established in a wind tunnel for a 
fla t plate (Campbell, 1977) as given by 
r  ^ = D/[0.66Dh(Re)''"(WDh)'^3] 
where D is the characteristic dimension (length) of the surface, Dh is the 
d iffu s iv ity  o f heat, u is the  k inem a tic  v isco s ity , and Re =  DU/ u  is the 
Reynolds number, U is the horizontal wind speed. This equation can be 
simplified by substituting the value of thermal d iffusiv ity of air at 20 °C, 
21 .5 * 10® m^ s \  and the rv a lu e  of 151*10'^ m^ s '  as 
rj, = 307(D/U)'^2
The constant 0 .66 in the original equation is obtained in the wind tunnel; in 
the natural atmosphere, the average value is about 1 . 1  because the
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turbulence of air is larger than that in a wind tunnel (Goudriaan, 1977). The 
aerodynamic resistance in the atmosphere is about 60 to 70%  of that 
predicted from the wind-tunnel equation (Rosenberg et al, 1983). W ith the 
value of 1.1 and same values of the Dh and u, the resistance to heat 
transfer in natural atmosphere is given by 
rj, = 180(D/U)'^2
It should be pointed out that the gradient approach and resistance 
approach are actually the both flux-gradient approaches, where
Z2
r = J  k(z) dz
where r is the resistance to heat and water-vapor transport, k is the 
exchange coefficient, and z is height (Monteith and Unsworth, 1990). The 
exchange coefficient k can be converted to the resistance r w ith  the 
assumption that the k is not the function of height, but is an average value 
in the specific layer for which r is considered, according to
r = A z / k
where a z  is the thickness of the layer.
It is now clear that the gradient-diffusion approach is often not 
suitable for vegetative canopies, because countergradient flow  cannot be 
explained by gradient diffusion. In addition, gradient diffusion models 
provide little insight into the nature of the turbulent diffusion processes 
w ith in the plant canopy (Campbell 1977). Research into alternative
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approaches to transfer processes in vegetative canopies has been an 
important research direction in the recent years (Wilson and Shaw, 1977; 
Campbell, 1977; Raupach, 1989). Some examples w ill be given in the 
follow ing sections.
2 .3 .2 .2  Turbulent Closure Approaches
Assuming steady-state conditions and horizontal homogeneity in the 
plant canopy, Wilson and Shaw (1977) expanded the mean flow  equation, 
or the basic momentum equation, in which the Coriolis force is neglected, in 
terms of mean and fluctuating components and then applied various closure 
assumptions to get a canopy flow  model which can predict the average 
horizontal wind speed, the momentum transport in vertical direction, and the 
variance of the wind components in each coordinate direction in the crop 
canopy. Others have expanded on this approach (such as PawU, 1989, 
1985; Meyers, 1987, 1986). Because the method is complicated, it 
requires turbulence ch a rac te ris tics  of the  sys tem  w h ich  are often 
unavailable, and it needs many closure assumptions to solve the equation, it 
has not been used widely for modeling energy and water-vapor transfer.
2 .3 .2 .3  Lagrangian Approach
Raupach (1989) and others (for example, Baldocchi, 1990) have 
applied the Lagrangian 'Localized Near-Field' theory to calculating scalar
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transfers in vegetative canopies. The approach to energy and mass 
transport has been an active area of research in recent years. The 
concentration distribution C(z) at some distance from a source w ith  a known 
vertical source strength S(z) is calculated based on system turbulence 
properties, such as Lagrangian time scale Tl, the variance of the vertical 
velocity cr^, and the mean horizontal wind speed u. The basic idea of this 
approach is that scalars such as heat and water vapor in a canopy are 
emitted from a large number o f vertically distributed point sources, for 
example, the individual leaves. The motion of the 'marked fluid particles' 
released from the point sources is individually tracked and the numerous 
paths are ensemble-averaged to indicate the spread of the scalar. For an 
ensemble of independent marked particles released at time to (t = 0 ), the 
effects of persistence are divided into the near field and the far field by the 
ratio o f the travel time t  o f the ensemble to the Lagrangian time scale Tl.
The near field is the region where t much less than Tl and dispersion is 
dominated by persistence. The far field is the region where t is much 
greater than Tl and the dispersion is dominated by randomness. Raupach 
assumed that dispersion in the far-field can be calculated from a gradient- 
diffusion equation, while near-field or persistence effects can be treated by 
assuming the turbulence to be locally homogeneous.
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2 .3 .2 .4  Non-local Transport and A Parameterization of Gusts W ith an 
Exchange Coefficient
Turbulent transport is interm ittent w ith gusts active over short time 
intervals and much less activity between these events. Because large-scale 
gusts are responsible for long-distance transport, they can force the 
transport o f heat and water vapor against the local gradient such as a gust 
can push above-canopy air into a crop canopy against an inverted 
temperature profile during the day.
The flux gradient (or k theory) approach includes some but not all of 
the contribution of large length scales (El-kilani, 1991). As a way to take 
account o f the countergradient transport and the interm ittency of the 
turbulent transport w ithin canopy, Goudriaan (1989) and El-kilani (1991) 
created a new interm ittent refreshment approach which parameterizes large- 
scale non-local gusts w ith an abruptly changing exchange coefficient, the 
value of which depends on if a large-scale gust is occurring. The local 
transport is handled by the flux gradient approach. The relationship between 
local and non-local transport was described by El-kilani: "A  gust comes in 
and replaces all the air in the canopy w ith fresh air from above and then a 
build-up of the temperature and vapor pressure of the air fo llows due to the 
delivery of sensible and latent heat from the leaves into the inter-canopy air 
stream." El-kilani concludes that the build up between gusts is necessary to 
create a realistic gradient for local transport. He uses a gust frequency of 
1/90 Hz in the daytime and of 1/360 Hz at night. El-kilani exchanged a 1 or
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0.5 fraction of the air when a gust is in process. The exchange coefficient 
for local transport w ithin the canopy is determined by 
= A exp(-n(1-z/h)) 
where is the exchange coefficient w ithin the canopy; is the value of 
above the canopy (z = h); n is an empirical constant, w ith  a typical value 
of 2 to 3; z is the height; h is the height of the canopy; A is constant to 
convert between the exchange coefficient for momentum and heat 
(Goudriaan, 1977), which El-kilani lets be 1 - K ,,, can be calculated from 
= k u‘ (z - d)
where k is the Von Karman constant, u* is the friction velocity, and d is the 
zero-plane displacement. In this model u* is a function of the time of the 
day w ith  a minimum constant value during the night of 0.05 m s ’ and w ith 
a maximum value at noon of 0.28 m s ’ ;
2 .3 .3 Implications of Crop Models for a Porous Shade-House Modeling 
As m entioned in Section  2 .2 .4 , the  energy balance approach to  
predicting the temperature of the shade-house system over time w ill be 
used. The interm ittent refreshment approach (Goudriaan, 1989 and El-kilani, 
1991) is selected for development o f the shade-house microclimatic model 
although the closure and Lagrangian approaches can also handle 
countergradient flow ; the other approaches can be tried later when the 
model is improved further.
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The model w ill be developed in terms of resistance rather than exchange 
coefficients because w ith  a component-type model the differences in state 
between the uniform components is known rather than the gradient along a 
path through the shade house.
Some of Deardorff's parameterizations and approaches w ill be 
adopted to simplify the processes in a way expected to be applicable in a 
shade-house system; the description of surface water distribution and its 
evaporation, and the approaches to soil heat flux and the soil water balance.
Large-scale gusts have an important role in the heat and moisture 
transport in shade houses, like crop canopies. The air exchange w ith 
outside air is suppressed by the shade cloth and by a strong, daytime 
inverted temperature profile below the shade cloth. A large-scale gust is 
necessary to break through these barriers and transport air between the 
outside and inside air.
2 .4  M ICRO CLIM ATE MODELS FOR SHADE HOUSES
There are not any complete shade-house models in the literature, 
however, one paper (Aylor and Taylor, 1982) predicts the wind speed in a 
tobacco shade house using outside wind speed in order to estimate the 
effect o f wind speed on spore transport. Aylor and Taylor investigated the 
effect of the shade house upon wind w ith no plants in the shade house and 
w ith 2 . 6  tobacco plants per m^ (about 1 -m tall and w ith  a leaf- area index of
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2.0 ). Wind speed was measured by Thornthwaite sensitive cup 
anemometers, three mutually perpendicular Gill propeller anemometers, and 
Anemotherm hot-wire anemometers inside or outside of the tobacco shade 
house (40 by 50 m, 3 m high).
Aylor and Taylor (1982) described the spatial variation in the average 
horizontal wind speed in the tobacco shade house by
u(x,z) = Uq[ 1 -I- exp(-fJx)] 0 <  z <  0 .4  z,
u(x,z) = Uq[ 1 + exp(-ISx)]exp(r(z - 0 .4  z,)) 0 .4  z ,<  z <  z^ ^
where Uq is half o f the wind speed u at x = 0 , x is the horizontal distance 
measured from the upwind edge of the shade house, z^  and the z^  ^ are the 
heights o f the crop canopy and the shade cloth (3m), B and f  are the 
empirical constants for which no values were given and no information is 
available to allow their estimation.
These equations indicate that, as the wind penetrates into the house, 
due to the effect of friction from crop canopy, horizontal wind will decrease 
as the  d is tance  from  the  upw ind  edge increases. W ind  in the  canopy is 
assumed to be constant w ith height, but between the canopy and the shade 
cloth, wind speed increases w ith height. Aylor and Taylor th ink that as the 
wind penetrates the vegetation w ithin the house, the horizontal wind will 
slow and this slowing will be compensated for by an average vertical 
upward wind speed w(x,z) as required by continuity 
3u/3x -1- 3w/3z = 0
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From the three equations, the vertical wind speed was derived.
Aylor and Taylor did not show how well their wind model works, 
suggesting it was not based on their data. The relationship between w  and 
u as described by the continuity equation is not appropriate because the 
resistance from the plant canopy is not considered: the momentum in the x 
direction cannot be completely converted into the momentum in the z 
direction because part o f the momentum in the x direction is lost when air 
flow  moves through the crop canopy and u decreases. Neither the variance 
in the vertical velocity measured in a porous shade house by Graser and 
Amiro (1991), which was constant w ith height nor smoke candle 
observations show an exponential decrease in wind speed w ith  distance into 
the house as the equations indicated.
2.5 RELEVANCE OF THE LITERATURE TO SHADE-HOUSE MODELING
Although there is no previous experience w ith  shade-house 
m icroc lim a te  m ode lling , the  basic princ ip les and approaches fo r greenhouses 
and some crop canopies may be appropriate for modeling a shade house; 
however, because the purpose or origin of the structures and the materials 
of which they are made are different, there are some major differences 
between shade houses and greenhouses and between shade houses and 
vegetative canopies.
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Despite the similarities, a greenhouse has many obvious differences 
from a shade house. The most obvious difference is that a greenhouse is 
often a closed system, which is well mixed by fans and hence relatively 
uniform. The ventilation and heating systems, which act through specific 
openings, can be treated as non-turbulent duct flow  (or simple pipe flow) 
and these artificial energy-balance components can be very dominant in 
magnitude making some otherwise important energy-balance components 
negligible. This keeps the greenhouse more steady, and distinct from 
outside conditions than a shade house.
A crop or forest canopy is distinct from a shade house in that the leaf 
area is usually distributed smoothly over height while the shade cloth is an 
abruptly distributed momentum sink.
A shade house is a modified open system. The shade-house 
microclimate is more closely coupled to the environment than the 
greenhouse microclimate. The porous roof and walls allow the creation of a 
unique m icroc lim a te  d is tin c t fro m  an open system, sim ila r to  how a crop or 
forest canopy results in a microclimate distinct from an open system but 
coupled to the atmosphere above. Because the shade-house microclimate 
depends strongly on the weather conditions and the porous material for 
constructing the roof, the microclimate in shade houses is less steady and 
less uniform than in greenhouses. Canopy approaches may be more 
appropriate for shade houses.
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The boundary conditions of a shade-house microclimate simulation 
model w ill be quite different from that of a greenhouse model or a canopy 
model. For example, the boundary conditions of a greenhouse wall or roof 
for w ind speed can be described by u = 0, v = 0, and w  = 0, and the 
ventilation only happens at specific openings, but these boundary conditions 
w ill not be appropriate for a porous shade-house wall or roof. When 
borrowing ideas from greenhouse and canopy models for use w ith shade 
houses, we w ill need to pay particular attention to the assumptions made for 
the greenhouse and vegetative canopy. We need to determine if the 
assumptions made in the greenhouse models and the canopy models apply 
to the shade-house systems.
An energy- and mass-balance model is needed to predict the 
microclimate over time. As w ith vegetative canopies, all the energy balance 
components may be important and need to be considered. The 
environmental variables, such as short-wave and long-wave radiation, w ind, 
and outside air temperature, will be used to predict the state variables, such 
as temperature and water-vapor content.
Since greenhouses typically are uniform, they often can be accurately 
modeled by component-type or one-dimensional models. Similarly, uniform 
vegetative canopies can be accurately modelled by component or one­
dimensional models, although non-uniform canopies, for example, w ith  a 
w ide-row  spacing cannot. A tw o- or three-dimensional model may be
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needed to completely or adequately model the microclimate in a shade house 
w ith a strong edge effect. Although the edge effect has important 
management significance, this model w ill be a component-type model. It 
w ill consider only the heat and water-vapor exchange between components 
in the vertical direction; the horizontal heat and water-vapor exchanges will 
be ignored. This model w ill be considered a firs t step toward developing a 
multi-dimensional shade-house model capable of addressing all conceivable 
questions commercial growers or researchers may be interested in.
The approach to modeling energy transfer by sensible and latent heat 
is one of the main distinguishing aspects among the models and it 
determines the precise system-state behavior and its agreement w ith reality. 
The interm ittent refreshment approach offers a simple, conceptually 
attractive approach for modeling non-local transport in a component-type or 
one-dimensional model.
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CHAPTER 3 
MATERIALS AND EXPERIMENTAL METHODS
3.1 STUDY SITE
The shade house studied is located on the Island of Hawaii, Hawaii. It 
is near the tow n of Pahoa, where the elevation is near sea level. It is 3.5 
hectares in area, w ith dimensions of 230 m long, 153 m wide, and 3 m 
high. The ceiling and sidewalls are made of black woven saran shade cloth. 
The house is constructed w ith the panels of shade cloth attached to cables 
which are supported by metal posts; the interior of the house is open and 
free of obstructions. The shade cloth is considered to provide 80% shade: 
its measured transmission is reported in Section 3 .2 .2 .1 . There is an air gap 
of about 1 m at both the roof and ground junctions of the sloping side wall 
for ventilation. The center line of the shade house is oriented 30° from N, 
near the direction of the prevailing winds, which varied from 345 to 45 ° 
from N during  the day during  the study . There is little upw in d  o b s tru c tio n  
and the site is nearly level.
The anthuriums (Anthurium andraeanum) are about 0.2-m  tall for the 
new plants to 1.5-m tall for mature plants and the crop is relatively uniform 
in horizontal distribution. The plants look healthy and strong. The average 
leaf size is about 0.2 m in diameter. The anthurium plants are estimated to 
cover about a 0.7 fraction of the surface, and the walkways and roads
together are estimated to cover a 0.3 fraction of the surface. The plant bed 
is built w ith volcanic cinder, which is about 0.1- to 0.2-m  height above the 
surface of the walkways.
3.2 MEASUREMENT AND INSTRUMENT ARRANGEMENT
3.2.1 Weather Data For Input Into the Model
The arrangement o f the instruments at the study site is shown in Fig.
3.1. A weather station was located at location 1 which is 23 m from the 
upwind wall. This is the weather data, much of which are needed for input 
into the model. A t the weather station, tw o  3-cup anemometers (Model 
2012, Qualimetrics, Inc., Sacramento, CA 95843) were located at 1.5- and 
4.0-m  heights, and a low-threshold wind vane (Model 2005, Qualimetrics, 
Inc.) was mounted at about a 4.5-m  height. The precipitation was measured 
by a tipping-bucket rain gage (TE525 Tipping bucket rain gage, Campbell 
Scientific, Inc., Logan, UT 84321). The solar radiation was measured w ith  a 
pyranometer (LI-200SZ, LI-COR, Ltd., Lincoln, Nebraska 86504) at a 4-m 
height. Temperature and relative humidity were measured at 1.5- and 4.0-m 
heights by a combination temperature and relative-humidity sensor (HMP 
35A, Vaisala, Helsinki, Finland, w ith modifications by Campbell Scientific, 
Inc.). 12-plate Gill radiation shields were used to protect the temperature 
and relative-humidity sensors from solar radiation and rain. Leaf wetness 
was measured as described in Section 3.2.3. Of this data, neither the wind
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direction and leaf wetness, nor the wind speed, temperature and humidity at
1.5 m are necessary model inputs; all o f the other weather data are. All 
sensors at the weather station were connected to a datalogger (Model 21X, 
Campbell Scientific, Inc.) w ith a 10-s scanning rate. Thirty-m in averages 
were calculated. A multiplexer (Model AM 416 4 x 1 6  Relay Multiplexer, 
Campbell Scientific, Inc.) was used in between the datalogger and the 
temperature and humidity and the leaf wetness sensors.
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Fig.3.1 Shade-house size and instrument locations.
3.2 .2 The Shade-House-System Characteristics for Input into the Model
3.2.2.1 The Characteristics of the Shade Cloth
The characteristics of the shade cloth for use in the model are listed in 
Table 3.1; an explanation of how this data was determined follows.
Table 3.1 The characteristics o f the shade cloth.
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tc Tc Vc r'-c.dry Zsh
m" Jm-^K' kg m
*10-® *10® *10  2
0.17 0.06 0.91 1.75 0.5 9.6 3.0
* An equation is given in the text for the wet-cloth case
In Table 3.1, t^ and r,, are the transmittance and the reflectance of the 
shade cloth measured by a downward facing Eppley pyranometer (Model 8- 
48, Eppley Black and White Pyranometer, The Eppley Laboratory, Inc. 12 
Sheffield Ave., Newport, R. I. 02840, U.S.A.) above the house (RS,,J and a 
Licor pyranometer above the shade house (RS) for short-term measurement 
of reflectance and an Licor pyranometer both above (RS) and below the 
cloth (R|„) for long-term measurement of transmittance, 
tc = Rin/RS 
r, = RS,,/RS
where RS is the measured solar radiation flux density at the weather station; 
Rin is the measured solar radiation flux density in the shade house at station 
4; RScs is the measured solar radiation reflected from shade cloth back to 
the sky. The reflectance measured above the shade RS,,^  house is not just
the reflectance of the cloth, because the radiation received by the sensor 
includes both the radiation reflected from the shade cloth and the radiation 
reflected from the surfaces beneath the shade cloth. (Stacked layers of 
cloth would give a better value than shade cloth in situ).
is the emissivity o f the shade cloth. It was measured over the 
house w ith  a downward-facing infrared thermometer (Model 4000, Everest 
Infrared Transducer, Interscience Inc., Tustin, CA) and a thermocouple (Type 
T, copper-constantan, 0.0001 m or Gauge 30, Omega Engineering, Inc., One 
Omega Drive, Box 4047, Stamford, CT 06907). According to the Stephan- 
Boltzman law 
RIc =
where Rl,, is the long-wave radiation from the shade cloth; a  is Stefan- 
Boltzman constant; emissivity of the shade cloth; T,, is the temperature 
o f the shade cloth, and 
RIc + f + g =
where RU+f+g is the longwave radiation from the cloth, ground, and foliage 
viewed by the infrared thermometer; 1 is the emissivity used to estimate 
the shade-cloth temperature by the infrared thermometer; T|rt is the shade- 
cloth temperature measured by infrared thermometer. If the longwave 
radiation from the cloth is assumed to be all the infrared thermometer sees 
(RI,. = RI,,+g+,) and the cloth temperature is assumed to be precisely measured
41
by the thermocouple (see Section 3.2.3 where thermocouple precision is 
discussed),
a e j /  = o-T,r/  
so the emissivity of the shade cloth is given by
This measurement includes errors both due to the longwave radiation the 
infrared thermometer receives from the canopy and the ground below the 
porous shade cloth instead of the cloth and due to the radiation error 
associated w ith  the large thermocouple used to measure the cloth 
temperature. Nevertheless, 0.91 seems to be a reasonable when 
compared w ith published values for other surfaces. (Stacked layers o f cloth 
would give a better value than shade cloth in situ).
Vg is the volume of the shade cloth for a unit o f horizontal area. It
was measured by water displacement w ith a graduated cylinder. When the 
shade cloth was in the water, the cylinder was shaken or stirred for a few  
minutes to release the air on the cloth. The increase in the volume of water 
after the cloth was inserted is the volume of the shade cloth.
The estimated heat capacity o f the dry shade cloth C<,.d,y is 0.5*10® J 
m® K ’ ; this value is similar to plastics or peat soil. The heat stored by the 
shade cloth per unit rate o f temperature change AStH^/(dT^/dt) must be 
calculated depending on the amount of liquid water standing on the cloth W^ 
according to
42
AStH,/(dT,/dt) = A ,W ,c^ + 
where A^ is a unit area and is the specific heat o f water, 4 .1 8*10^ J kg ' 
K '.
Wcmax is the water-holding capacity o f the shade cloth. It was 
measured by weighing the cloth after it was wetted and allowed to drain 
briefly and w ithou t disturbance. In situ, may be less than the value
measured in the laboratory due to the effect o f wind.
Zgh is the height of the shade house.
3 .2 .2 .2  The Characteristics of the Crop Canopy
The characteristics of the crop canopy for use in the model are given 
in Table 3.2; an explanation of how these data were determined follows. 
Table 3.2 The characteristics o f the crop canopy.
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t, rf V,
m^m-2
*10-2
r  ®'^ f.dry
Jm-^K'
*10®
LAI
m"2m-2
Zf
m
W fmax
kg
*10-2
0.36 0.20 0.95 0.33 3.85 1.7 1.2 4.3
a An equation is given in the text for the wet foliage case
If the vertically projected area of the anthurium plants is estimated to 
cover about a 0.7 fraction of the surface and the walkways and roads 
together are estimated to cover a 0.3 fraction of the surface (Section 3.1), 
the average transmittance of the anthurium canopy is calculated by 
t, = l/lo * 0.7 -h 0.3
where I and Iq are the radiant flux density below and above the crop canopy 
as measured by an Eppley pyranometer in a short-term test to give the 
transmittance through the canopy gaps.
The reflectance of the canopy r^  was measured by the Eppley 
pyranometer in a short-term test.
The emissivity o f the crop canopy, is adopted from the literature 
(Deardorff, 1978; Oke, 1991).
V, is the volume of plants per unit ground area. It is estimated by 
V, = FW, / D,
where FW, is the fresh plant weight per unit ground area which is estimated 
to be 3 kg; D, is the density of plants and it was determined by weighing 
and water displacement for a plant sample to be 920 kg m'^.
The heat capacity o f the crop when the leaf surfaces are dry, is 
calculated by
^ f . d r y  =
where the  spec ific  heat of w a te r, s ince the  an thu rium  p lan t is com posed 
mainly o f water. The heat stored by the foliage per unit rate o f T change 
AStH^g/ldTfg/dt) must be calculated as a function of the amount of liquid 
water standing on the foliage W, according to 
A S tH J(dT Jd t) = D, c^ V, + A, W, c^
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The leaf area index of the anthurium crop, LAI, was estimated by the 
Beer-Bougher Law (Rosenberg et al., 1983) based on the crop transmittance 
t, LAI = -ln(t,)/k,
where k, is the extinction coefficient for the plant leaves w ith  a value of 0.3 
to 0.5 for plants w ith vertical leaves, or a value of 0.7 to 1.0 for plant w ith 
horizontal leaves (Rosenberg et al., 1983). A value of k^  = 0.6 was used in 
the estimation of LAI.
The height of the anthurium canopy was the plant height at the 
middle of the shade house at location 4 in Fig. 3.1, where the energy 
balance instruments were located. The canopy height varied from 0.2 to
1.5 m at other locations (Section 3.1).
The surface water-holding capacity of anthurium plants was 
determined from data for an individual plant by 
W w  = / LAP * LAI
where LAp is the leaf area of the individual anthurium plant measured by a 
leaf area meter (Model LI 3100, Licor, Ltd., Lincoln, Nebraska 86504); and 
is the maximum mass of liquid water which can stand on the test 
plant's leaves; and LAI is the leaf area index.
3 .2 .2 .3  The Characteristics of the Soil Surface
The characteristics of soil surface for use in the model are given in 
Table 3.3; an explanation of how these data were determined follows.
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Table 3.3 The characteristics of the soil surface.
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rg fg 0v(to) 0vFC Cg d A di
m" m ® m® m ® Jm®K ■' Jm 's  K‘ m^s m °C
*10® *10®
0.03 0.95 0.259 0.271 1.50° 1.486® 0.67 0.135 4.12
a Value of for 0,(to): Equation: Cg(0J = 4 .16 *10^ + 4.186*1O ® *0,
b Value of for 0,(to); Equation: Kg(0J = 0 .4186 + 1 .6 7 4 4 *0
The "soil" in the shade house is not soil in the usual sense (although 
we w ill use the word soil to describe it), but fresh cinders imported from a 
volcanic area. There is no organic fraction and most o f the material is 
greater than 0.002 m in size, sometimes reaching several centimeters 
across. Cinder is the media commonly used in shade houses.
tg is the reflectance of the soil-surface layer, which was measured 
w ith  an Eppley pyranometer in a short-term study; the emissivity o f the soil 
€g is from the literature (Deardorff, 1978; Oke, 1991).
According to laboratory measurements in which the soil was saturated 
and allowed to drain for a few  minutes (n = 5), the average volumetric 
water content at field capacity for the volcanic cinder, 0^pc, is 0.271 ± 
0.017 m ® m ®. Soil samples were taken from the shade house in the 
morning on 14 January 1992. Because the soil is loose and coarse, we 
pushed the moisture can into the soil, removed the soil from around the can, 
and cut the soil at the lip of the can. The height o f the can is 0.05 m and 
the diameter is 0.069 m. Six samples at depth 0 to 0.05 m and six at depth
0.05 to 0 .10 m were taken for measurement of the soil water content and 
the soil bulk density. The soil bulk density Db is 500 kg m'^ and the 
volumetric water content 0^ was 0.259 ± 0.025 m® m® (n = 12). Since 
irrigation is applied several times a day and rain occurs frequently in this 
area, the soil water content in the shade house is near to that at field 
capacity. This measured value of volumetric water content is thought to 
represent the usual wet state of the soil due to the daily afternoon irrigation. 
This value is used to initiate the model, QJXq).
Based on the measured bulk density 500 kg m ® and the estimated 
particle density of the mineral fraction 3000 kg m ® (assuming Fe, Al, and 
Mn content) (G. Uehara, Personal communication), the pore fraction of the 
cinder soil is calculated by
Xpore=1-Db/D,^
which yields 0.833.
The heat capacity o f the soil, C, can be calculated by
Cg = + X„,C,y, + (Xpo,e"Xw)Ca
where and x,^ are the volume fractions of the water and the mineral 
components of the soil; C,„, and are the heat capacities of the water, 
the mineral, and the air. The "soil" did not have an organic component. The 
heat capacity o f the mineral component for the volcanic cinder is 2.49 *10® 
J m® K'  ^ (calculated from the specific heat is 830 J kg’’ (G. Uehara,
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Personal communication) and the particle density). The contribution of the 
air component is negligible.
Cg = 4.186*10® 0 , + 0.167*2.49*10®
= 0.416*10® + 4.186*10® 0^
Due to its large porosity, the heat conductivity o f the volcanic cinder 
soil Kg will largely depend on its water content. Deardorff (1978) pointed 
out tha t the soil properties used in his soil temperature model appear to 
depend more upon soil moisture than soil type and empirically he expressed 
the heat conductivity as a function of the soil water content.
Kg = 0.4186 + 1.6744 0 j'®  [J s ' m ' K ']
This equation, based on a comparison w ith the data of van Duin (1963 from 
Jury, 1991), is closest to values for sand (Fig. 3.2).
Two methods will be used to estimate the soil heat d iffusiv ity, kg.
The firs t method to determine the kg is by using the measured maximum and 
minimum soil temperatures at tw o different depths according to a method 
presented by Ju ry  (1 9 9 1 ). The principle of the method is tha t the amplitude 
of soil temperature decreases as the depth into the soil increases. The 
formula for calculating kg is given by 
kg = 77 d 2/8 6400 
where d is the damping depth,
d = (z2 - z1)/ln[(Tmax(z1) - Tmin(z1 ))/(Tmax(z2) - Tmin(z2))] 
where Tmax(z) and Tmin(z) are the maximum and minimum daily soil
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Fig. 3.2 Soil heat conductivity calculated as a function of water content 
using a generic equation developed by Deardorff (1978) and the heat 
conductiv ity o f various soil types (data of van Duin from Jury, 1991 w ith 
co rre c tio n ). The num bers in parentheses re fe r to  the  vo lum e fra c tio n  o f the  
solid phase.
temperature at depth z. For measured maximum and minimum soil 
temperatures at depths of 0.005 and 0.03 m on 12 January 1992, 
Tm ax(0.005 m) = 24.1 °C Tmax(0.03 m) = 23.2 °C 
Tm in(0.005 m) = 15.8 °C Tm in(0.03 m) = 16.3 °C
The damping depth and the heat d iffusivity for the volcanic cinder soil are 
d = 0 .135 m 
kg = 0.67 * 10 ® m2 s ’
The second method to calculate kg is to use estimates of the soil heat 
conductivity, Kg, and soil heat capacity, Cg, according to
k« = Kg/Cg
For a volumetric water content of 0.259 m ® m ® and using the heat 
capacity and the heat conductivity equations, the thermal d iffus iv ity  for the 
cinder soil in the shade house is 
kg = 0.99 * 10® m^s ’
Both approaches to determining kg give very similar values, suggesting that 
the value for thermal d iffusiv ity is reliable and also suggesting that the 
method for calculating the thermal conductivity is reliable for this soil.
The average amplitude of the soil surface temperature, A^i, is 
obtained from the soil temperature measured at the depth o f 0 .005 m under 
the  an thu rium  crop canopy according to
A di = {I0 .5 [Tm ax(0 .005  m) - Tm in(0.005 m)]}/n 
where Tm ax(0.005 m) and Tmin(0.005m) are the maximum and the 
minimum temperature during the day, n is the number of days (n = 69).
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3.2.3 Monitoring Data In the Shade House For Testing the Model
Monitoring data were collected in the shade house at six locations 
between 10 January and 25 March 1992 (Fig. 3.1). A t each location, the 
temperature and humidity sensors (same as the sensors at the weather 
station), protected by a 12-plate radiation shield, were at a 1.5-m height 
above the ground. The temperature and humidity at location 4 is appropriate 
for the model testing because it is well away from edge effects (Section 1.3; 
Fig. 1.1).
A leaf wetness sensor (Model 237, Leaf Wetness Sensor, Campbell 
Scientific, Inc., Logan, UT 84321, painted w ith white latex primer) was 
installed at a 1.2-m height to measure wetting time. The angle between the 
vertical and the normal to the plane of the leaf wetness sensor was 45° so 
the wetting time for the sensors is similar to the wetting time of the leaves. 
These sensors were not field calibrated and were not quantitative.
The temperature, humidity, and leaf wetness in the shade house were 
monitored w ith  the same datalogger as that at the weather station (Section
3.2.1).
The temperature profile was measured near location 4 at the center of 
the shade house where temperature is uniform horizontally. Fourteen 
thermocouple (Type T, copper-constantan. Omega Engineering, Inc.) were 
installed: three thermocouple w ith a 0.00003-m  diameter (0.001 inch) were 
positioned 1.5, 1.0, and 0.5 m above the shade cloth; one thermocouple
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with a 0 .0001-m diameter (Gauge 30) was attached w ith adhesive (Scotch 
Super Strength Adhesive) to the underside of the cloth; six thermocouples 
w ith  a 0.00003-m  diameter were evenly distributed between the shade cloth 
and the top of the canopy at 2.4, 2.1, 1.8, 1.5, 1.2, and 0 .9  m; four 
thermocouple w ith  a 0 .0001-m diameter were used to measure soil 
temperature at 0.005-m  and 0.03-m  depths in a walkway and under the 
plants. The temperature profile data were collected by another datalogger 
(Model 21X) w ith  a scan rate at 10-s; 30-min means were calculated.
Thermocouple o f the same size as those used to measure the 
temperature profile were thoroughly tested to determine the magnitude of 
radiation error to be expected. The test results show that the 
thermocouples w ith a diameter of 0.00003 m do not have a radiation error 
when they are exposed to direct solar radiation over a range of wind speeds 
as experienced in an outdoor test, and the thermocouple w ith  a diameter of 
0.0001 m has a radiation error of 0.5 to 1 °C depending on the wind speed. 
Because the the rm oco up le  used to measure the c lo th  tem p era tu re  w as 
underneath the shade cloth, which has a transmittance of 0.17, the radiation 
error should be much smaller than under direct solar radiation. In addition, 
the thermocouple was securely attached w ith adhesive to the shade cloth, 
so the heat conductivity between the cloth and thermocouple should keep 
the thermocouple near the cloth temperature. The soil thermocouple, of 
course, are not subject to radiation error.
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The temperature measured by the HMP 35A temperature sensor at 
location 4 did not have an error because it agreed well w ith  the temperature 
measured by a thermocouple w ith a 0.00003-m  diameter at the same place 
(the average temperature difference between 22 and 25 March 1992 was 
only 0.15 °C), although it did not agree well w ith the temperature at a 1.5-m 
height in the temperature profile near to location 4 (the average temperature 
difference between 22 and 25 March 1992 was 0 .74  °C).
In short, the cloth temperature and air temperature are reliable 
indicators of the shade-house conditions and are appropriate for model 
testing.
3 .2 .4  Turbulence Characteristics For Model Development
Sonic anemometers were occasionally used to measure the 
instantaneous horizontal and vertical wind speed and temperature in and 
around the shade house from which turbulence properties can be calculated. 
Three one-d im ension  son ic  anem om eters w e re  used in 1991 (Model CA27 
Sonic Anemometer and Fine Wire Thermocouple, Campbell Scientific, Inc., 
Logan, UT 84321), and tw o  three-dimensional sonic anemometers were 
used in 1992 (Three-Axis Sonic Wind System SW S-211/3V, Applied 
Technologies, Inc., Boulder, CO 80301). Data collected in 1991 are 
mentioned in the literature review. Noise in the 1992 data (due to
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manufacture grounding problems which were corrected later) made a 
number of the data sets less reliable and of limited usefulness.
Smoke candles were occasionally used to visualize the movement of 
air in the shade house, although it is not a quantitative measurement. The 
smoke candles were used outside of the upwind wall, inside the shade 
house and above the shade house to see how the air passes the shade cloth 
in horizontal and vertical directions, and to determine the approximate speed 
of air movement in the shade house.
3.2 .5 Energy-Balance Measurements for Model Development
The energy balance above and w ithin the shade house was measured 
by the eddy correlation method during the monitoring data collection period 
on 11 and 14 January 1992 and 24 March 1992. W ithin the shade house, 
a net radiometer (Model Q6, Radiation and Energy Balance Systems, Inc.
P.O. Box 15512, Seattle, WA 98115-0512) was located at a 2.5-m height. 
The in s tru m e n t cou ld  be located near the uniform cloth, but it needed 
sufficient height to view an average surface w ith the strong surface row 
pattern o f anthuriums and soil. A one-dimensional sonic anemometer (Model 
CA27, Sonic Anemometer and Fine Wire Thermocouple, Campbell Scientific, 
Inc.) and a Krypton hygrometer (KH20 Krypton Hygrometer, Campbell 
Scientific, Inc.) were located at the same height as the net radiometer to 
measure the sensible-heat and latent-heat flux densities w ithin the shade
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house. A second set o f the same instruments were located 1.5 m above the 
shade cloth to measure the energy fluxes outside o f the shade house.
The combination method (Tanner 1963) was used to measure the 
surface soil heat flux under the plants and in the walkway to obtain a good 
spatial average. At each position, tw o  thermocouples (described in Section 
3.2.3) were used to measure the temperature at 0.005- and 0.03-m  depths 
to calculate the heat storage in the soil. Soil-heat-flux plates (Heat Flow 
Transducer 1, Radiation and Energy Balance Systems, Inc.) were placed at a 
0.05-m  depth at each position. The measured soil heat flux together w ith 
the surface heat storage gives the soil heat flux according to
G q =  C g  [ ^ Z i ( T j 1 -  T j i  )^ -|- ^ Z2 (T^ 2 , t  + dt * Opiate
where is the depth o f the thermocouple in the surface soil layer or 0.005 
m, Z2  is the depth of the thermocouple in the subsoil layer or 0.03 m; azi 
and AZ2  are the thicknesses of the surface soil layer, or 0.01 m, and the 
subsoil layer, or 0 .04 m; Gp|,t^  is the measurement by the soil heat flux plate 
at th e  dep th  of 0.05 m; Cg is the  soil heat capa c ity .
Three infrared thermometers (Everest Model 4000, IR Transducer, 
Interscience Inc., Tustin, CA) were used to measure the average crop 
canopy and soil temperature, the shade cloth temperature viewed from 
below, and the apparent sky temperature, respectively. (It is now realized 
that due to the atmospheric w indow  this is not a reliable approach to
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determining the apparent sky temperature). Unfortunately, the sensors were 
damaged by rain and did not provide any data.
The energy-balance sensors were monitored w ith  dataloggers (Model 
21X, Campbell Scientific, Inc., Logan, UT 84321) at a 10-Hz scanning rate 
for w , T, and qv, and a scan rate at 1-Hz for net radiation, soil heat flux, and 
the infrared thermometers. The datalogger covariance subroutine was used 
for calculations. Ten-min means were calculated.
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CHAPTER 4
DESCRIPTION OF THE MICROCLIMATIC MODEL
4.1 MODEL SYSTEM DESCRIPTION
4.1.1 General Overview of the Model
The purpose of this model is to predict the temperature and humidity 
of the four uniform shade-house components -  shade cloth, inside air, plant 
canopy, and soil surface -  over time for a semi-infinite, porous-cloth shade 
house. This model is based on the energy and mass balances of the 
components using only normal weather data and shade-house descriptions 
as the model inputs. The system of coupled differential equations for the 
temperature and humidity of each shade-house component is solved 
simultaneously by the Runge-Kutta numerical integration method.
Because transport can be countergradient in porous shade houses 
(Graser and Amiro, 1991), the heat and water-vapor transport is simulated 
by the resistance approach for local transport by small-scale turbulent 
diffusion exchange along gradients (for example Goudriaan, 1977) and by 
interm ittent refreshment by large-scale gusts for long-distance transport as 
described by Goudriaan (1989) and El-kilani (1991). The long-distance 
transport is only used to transport the heat and water vapor between the 
inside air and the outside air above the shade cloth. Periodic step changes 
in the resistance cause this transport to be interm ittent. Since the equations
in the model system are coupled, the gust effect reaches other system 
components because the gradient o f temperature and humidity between 
those components and the inside air is increased when the gust is in 
process. As the gradients between the inside air and the other system 
components become small between gusts, the exchange of heat and water 
vapor gradually becomes smaller. The long-distance transport causes the 
periodically large temperature and humidity gradients; and its interm ittency 
increases the magnitude of the sensible-heat and latent-heat exchange and 
its reach to other system components.
4 .1 .2  Definition o f System Components
The shade-house system is represented by four components: the 
shade cloth (in the model, it w ill be represented by the lowercase letter c), 
the inside air (ia), the crop canopy (f for the foliage surface, and fa for the 
air in the foliage), and the soil surface (g for ground). This model w ill not 
describe variation in the horizontal and vertical dimensions, such as edge 
effects or temperature and humidity profiles, but it w ill assume each of the 
components are internally uniform. As the driving forces, the environmental 
factors o f outside air (oa) and sky (s) also are included in the model.
The definition of the shade-house model system components are given 
below:
The SHADE CLOTH (c) is the top boundary o f the shade-house
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system. As controlled by its porosity, it reduces the air exchange between 
the inside air and the outside air. It is assumed that the shade cloth has 
uniform temperature and that there is no heat movement horizontally w ithin 
the fibers o f the shade cloth. The shade cloth is considered to include liquid 
water when it is wet; it is not considered to contain air in the pores, but, 
instead, the pore air is associated w ith the outside and inside air. No latent- 
heat (or, equivalently, water-vapor) storage is considered to be associated 
w ith  the shade cloth. The humidity of the pore air is considered associated 
w ith the humidity of the outside or inside air depending on which is being 
considered.
The INSIDE AIR (ia) is between the shade cloth and the crop surface 
in the shade house. Its properties, for example temperature and specific 
humidity, are assumed to be uniform in all direction in this model. The 
inside air is important as the mobile fluid in the shade-house system for non- 
radiative energy and mass transfer between the shade-house components.
The PLANT CANOPY is considered uniform horizontally and vertically. 
The roads and the regularly spaced walkways between the plant rows will 
not be considered separately but as averaged w ith  the plants. The plants 
are assumed to be of one age, one size, one variety, one height, and one 
leaf size. The plant canopy includes the foliage surface (f) and the air in the 
plant-canopy space (fa). The foliage and air are treated as having the same 
properties for the energy balance. The foliage is recognized as a source for
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the humidity balance. Assuming the temperature o f the foliage and air are 
equal eliminates one coupling between the energy and water-vapor balances 
(Section 4.2 .2).
The SOIL SURFACE (g) is the bottom boundary of the shade-house 
system. It is considered to be underlying a uniform plant canopy and to be 
uniform itself. The surface layer represents the very surface of the soil and, 
consequently, it must be as thin as possible to represent the greater range of 
temperature and water content experienced by the surface itself than by a 
th ick soil layer. A thickness of between 0.001 and 0.01 m is thought to be 
thin enough for this layer to respond similar to the very surface and yet th ick 
enough to realistically represent coarse cinder fragments. Because the soil 
surface is very thin, the latent-heat (and, equivalently, water-vapor) storage 
is very small and will be neglected.
The OUTSIDE AIR (oa) and SKY (s) are the external environmental 
factors in the shade-house model. They are also considered uniform. The 
ou ts ide  air w ill rep resen t the  air w h ich  is exchanged w ith  the  air inside the 
shade house. The sky above shade house will represent the external 
environment w ith which the shade house is in longwave exchange. The 
characteristics o f the outside air and sky are considered to be those at the 
weather station, where temperature, humidity, wind speed and direction, 
solar radiation, and rainfall are collected. The weather data collected in this 
study were measured at a 4-m height, 1 m above the shade house. If such
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data are not available, some modification in the model parameterization will 
be needed.
4 .1 .3  Sign Convention
The sign convention in the shade-house microclimatic model is that 
positive values of fluxes indicate that energy or water flows to a system 
component, and negative values of fluxes indicate tha t energy or water 
flows away from a system component. Since energy or water moves 
between the system components, a flux w ill simultaneously be positive 
relative to the component toward which it is flow ing and negative relative to 
the component from which it is flow ing. In the figures (Fig. 4.1 and 4.2), 
the arrows and the subscript order show the direction of the flux being 
considered; the symbol does not indicate the sign (which varies over time), 
but as the fluxes are expanded the sign convention is followed.
4 .1 .4  Energy Balances of the Shade-House Components
The energy balances of the shade-house system components which 
are considered in this model are illustrated in Fig. 4.1. The energy balance 
of each system component determines if heat storage occurs and the 
temperature changes. The component's energy balance is solved for storage 
and the equations for storage of sensible heat are solved w ith  equations for
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Fig. 4.1 Shade-house system energy balance. Rs is solar radiation or 
shortwave radiation flux; Rl is longwave radiation flux; H is sensible-heat 
flux; LE is latent-heat flux; AStH is the stored sensible heat; AStLE is 
stored latent heat; s, c, f, oa, ia, fa, and g are the subscripts for sky, shade 
cloth, crop surfaces, outside air, inside air, air in canopy, and soil surface. 
Each horizontal line represents a shade-house component or the external 
environment. Energy fluxes begin and end in the system component 
designated w ith  a dot. In the absence of a dot, the energy (radiation) 
passes through the component. The circle is the crop foliage which is the 
moisture source. For convective transport, indicated by double-headed 
arrows, the subscripts in the symbol are ordered to indicate firs t the 
component to which the sign convention refers; the symbol for only one 
direction is shown.
storage of water vapor (Section 4.1.5) to determine the temperature change 
over time. Each component equation will be given and expanded in a later 
section.
Only the firs t reflection of solar radiation is taken into account in the 
model (Fig. 4.1): this is as if reflected radiation goes straight back to its 
origin w ithout being scattered and only being intercepted by the components 
though which it passes. All radiation is accounted for. This simplifies the 
radiation part of the model and introduces only small errors. For instance, if 
the solar radiation flux density is 1000 W m'^ above the shade cloth, the 
transmittances of the shade cloth and the canopy are each 0 .2 , and the 
reflectances of the canopy and the soil are each 0.1, then the radiation flux 
densities arriving at the canopy and the underlying soil are 200 W m'^ and 
40 W m'^, respectively. The firs t reflection from each is 20 W m'^ from the 
canopy up to the shade cloth, and 4 W m'^ from the soil surface to the 
canopy. When this radiation is reflected again, the second reflections will 
be much less than the first reflections (less than 1 W m'^).
Transmittance in the model means the proportion of solar radiation 
which passes through the pore (that is, between the fibers) o f the shade 
cloth or the spaces between the leaves. The actual transmittances of the 
cloth fibers and the anthurium leaves are not considered because the 
components are considered uniform, but are included in the model's bulk 
average transmittance terms t^ and t,. The surface fraction (also called
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shading fraction or cover) is 1 - 1,, or F^ , 1 - 1^ or F„ and 1 or Fg. Thus, the 
radiative properties of the surfaces only apply to the surface fraction, where 
r + a = 1 because the transmittances of the surfaces are considered zero.
In the model the components of the shade house are simply described 
by the surface fraction F or the surface area A when they interact w ith 
longwave and shortwave radiation and the liquid water. Ag is the soil area 
associated w ith a unit horizontal surface area and its value is 1 m^. A^ is the 
fiber area associated w ith  a unit surface area. A, is the projected area of the 
crop associated w ith a unit surface area. The soil surface fraction, Fg, is 
defined as Ag/Ag and its value is 1. The surface fraction o f the cloth, F ,^ is 
defined as A,,/Ag; it is equal to 1 - 1,,. The surface fraction of the canopy, F„ 
is defined as A,/Ag; it is equal to 1 - t,.
This same area, measured in terms of shortwave radiation (Section
3.2.2), is where shortwave radiation is received, longwave radiation is 
assumed to be emitted and received, and liquid water (rain or dew) is 
assum ed to be in te rcep ted . A s lig h tly  different tra n s m itt in g  area w o u ld  
probably be appropriate for each of these fluxes. The transmittance of the 
cloth for shortwave and longwave presumably varies for these different 
wavebands, and a liquid water drop is expected to be transmitted differently 
than light. When radiation passing through the shade house is modeled w ith 
bulk transmittances, this assumes that the radiation can be modelled by 
parallel rays. For example, shortwave radiation received from the cloth and
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reflected by the ground goes to the cloth and foliage in proportions 
according to t,; and longwave radiation emitted from the ground goes to the 
cloth and foliage in proportions according to t^ . Some research (for example, 
Dickinson, 1983 and Sutherland and Bartholic, 1977) indicate a cavity effect 
makes this approximation not strictly correct.
All the sensible and latent heat fluxes in Fig. 4.1 are along the local 
gradient, except and H|3 „a which represent large-scale gusts and which 
may occur w ith  or against the local gradient at the shade cloth.
In summary, the energy balances of the four shade-house components 
w ill be used to develop equations for predicting the temperature variation 
over time of the four shade-house-system components (in Section 4.2).
4 .1 .5  Moisture Balances of the Shade-House Components
The moisture balance of the shade-house system includes the water- 
vapor balances and the liquid-water balances. These are illustrated in Fig.
4.2. W ater-vapor content is expressed in terms of the specific humidity 
because it is conservative and it relates directly to mass fluxes.
Because the shade-cloth fibers, canopy foliage, and the soil surface 
can story liquid water and, therefore, are the sources or sinks of water vapor 
in the air through the processes of condensation and evaporation, their 
liquid-water balances are needed in order to determine when there is a 
source and to provide a sink for the water-vapor balances. Irrigation, rain.
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drainage, evaporation and condensation, and air exchange w ith  the 
atmosphere are the factors that influence the liquid-water balance of the 
shade house. The inside air and the air in the crop canopy do not store 
liquid water, and liquid-water balances are not needed for these shade-house 
components.
Water-vapor balances are determined for the inside air and the air in 
the crop canopy. The changes in water-vapor content of these shade-house 
components are determined by the evaporation from and the condensation 
onto the surfaces, and the transport in the air between the components.
The other shade-house components, the cloth and the soil, do not have 
water-vapor balances, because their air layers are extremely thin and have 
negligible storage.
When the surfaces are wet (as indicated by the liquid-water balances), 
the water-vapor content o f the shade cloth, the canopy leaves, and the soil 
surface (the firs t approach in Section 4.2.3) w ill be a combination of the 
w a te r-va p o r c o n te n t of the air adjacent to the surface and the saturated 
water-vapor content calculated based on the surface temperature. The 
proportion of the saturated and air water-vapor content used in this 
combination approach is based on the amount o f surface covered by liquid 
water and, for the canopy, the stomatal resistance. The water-vapor 
content at the soil surface is calculated based on the soil water content (the 
second approach in Section 4.2 .3). When it is dry, the water-vapor content
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Fig. 4.2 Shade-house moisture balance. P ,^ P„ and Pg are the rain 
intercepted by the shade cloth, the crop canopy, and the soil surface; IR, 
and IRg are the irrigation intercepted by the crop canopy and the soil surface; 
R,, and R, are the liquid water runoff from the shade cloth and crop canopy;
D is the drainage; E is the water-vapor exchange between the components 
in the system; AStE is the water-vapor storage; W is the amount o f liquid 
water stored by the component (the absolute amount not the amount stored 
during the time interval); c, f, oa, ia, fa, and g are the subscripts for shade 
cloth, crop surface, outside air, inside air, air in canopy, and soil surface. 
Each horizontal line represents a shade-house component or the external 
environment. Liquid-water fluxes begin and end in the system component 
designated w ith  a dot. Water-vapor fluxes begin and end in the system 
component designated w ith a circle. The shade cloth only has its own 
water-vapor content when wet; when dry it has the water-vapor content of 
the inside air when considered from the inside and of the outside air when 
considered from the outside. In the absence of a circle or dot, the water 
vapor or liquid water passes through the component. A horizontal arrow 
between a dot and a circle represents a water phase change. For convective 
transport, indicated by double-headed arrows, the subscripts in the symbol 
are ordered to indicate firs t the component to which the sign convention 
refers; the symbol for only one direction is shown.
of the shade cloth w ill be that o f the inside air when considered from the 
inside and that o f the outside air when considered from the outside (it does 
not have its own storage and, when dry, there is no evaporation). The 
water-vapor content at the leaves and the soil are determined w ith  the same 
approach when dry as when they are wet.
This approach for calculating the specific humidity o f the surfaces in 
the shade house is given by Deardorff (1978) for leaf and ground surfaces 
q = PE qs(T) -H (1 - PE) q, 
where q is the specific humidity at the surface; qg is the specific humidity of 
the nearby air; PE is the active surface fraction (where PE is the potentially 
evaporating surface fraction); qs(T) is the saturated specific humidity at the 
surface temperature T, which is calculated by (Rosenberg et al.,1983) 
q = 0 .622 e/(P - 0 .378 e) 
where P is the air pressure (a value of 100 kPa can be used at sea level if no 
data is available), and where
es = 0.61078 exp[1 7.269 T/(T -H 237.3)]
PE is an approach to represent the fraction of the surface which is active, 
that is, to represent liquid water as depositing over the entire surface during 
condensation, but occupying only a fraction of the surface during 
evaporation. The stomatal resistance is included in the equation for PE for 
the crop surface, as described later (Section 4.2 .2), so a dry leaf can 
continue to be a water-vapor source. PE is expanded as
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PE = 1 - (S[l- (W/W,„3J“] 
where W is the amount o f liquid water on the surface (kg m‘^); is the
water holding capacity o f the surface (kg m’^); R is a sw itch for evaporation 
and condensation, so during condensation, that is, when qs(T) is less than q^  
and IS is 0, PE is 1, meaning condensation can occur over the entire surface; 
and during evaporation, that is, when qs(T) is greater than q, and (S is 1, PE 
varies from 0 to 1 according to the amount o f liquid water on the surface. 
When W/W,„3 x equals 1 and PE equals 1, meaning tha t the entire surface is 
wet, the specific humidity of the surface is equal to the saturated specific 
humidity; when W/W„,g^ equals 0 and PE equals 0, meaning the surface is 
dry, the specific humidity o f the surface equals the specific humidity o f the 
nearby air.
a affects the evaporation rate by representing how the surface water 
is distributed (Fig. 4.3): w ith a equal to 1, Deardorff found the dew never 
quite disappears; w ith a equal to 0, evaporation is too fast and the dew is 
represented as a continuous thin film which becomes evenly thinner as the 
water evaporates. Although the value of a is expected to be different for 
different surfaces w ith  different surface characteristics, an a o f 0 .667, used 
by Deardorff for crop canopies, is chosen for shade-house surfaces -  the 
cloth, the foliage, and the soil surface (approach 1). Because the shade 
cloth usually is dry, even if this value for a is in error, it w ill not produce a
69
large error in the model results. If the depth and surface area of water on 
the cloth were measured, a could easily be determined for shade cloth.
The energy and water-vapor balances of the shade-house components 
are coupled through the evaporation or condensation terms which transport 
water vapor and latent energy between the system components so the 
water transported by the water-vapor exchange (E terms in Fig. 4.2) is 
identical to that transported by the latent-heat fluxes (LE terms in Fig. 4.1). 
When the water-vapor and temperature equations are coupled between 
water-vapor and temperature, among the water-vapor equations, and among
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Fig. 4.3 Active surface fraction of the surface (PE) as the function of liquid 
water on the surface (W).
the temperature equations, and solved simultaneously, the changes in the 
water-vapor content or temperature of one system component causes 
changes in other components in the system.
In summary, the tw o water-vapor balances for tw o  shade-house 
components, the inside air and the air in canopy, w ill be used to develop 
equations for predicting the humidity variation over time of the shade-house- 
-system components; and three liquid-water balances for the shade cloth, 
the crop foliage, and the ground surface will be developed.
4 .1 .6  Resistance to Heat and Moisture Transfer in the Model System
In this model, the convective fluxes will be expanded in terms of 
resistances. The resistances along pathways of sensible heat and water- 
vapor (and latent-heat) exchange (as shown in Fig. 4.1 and 4.2) for the 
shade-house model system are illustrated in Fig. 4.4. This discussion will 
begin w ith local transport and then will cover non-local transport.
Theoretically, the resistances to sensible-heat and water-vapor 
exchange can be considered for subincrements o f these paths so that, for 
example, for sensible-heat transport, the laminar-boundary-layer resistance, 
r^b, and the bulk aerodynamic resistance, r^,, would be in series along paths 
between the surface and the air
’’ h ~  '’ h .b  +  r b a
and, analogously, for water-vapor exchange.
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Fig. 4 .4  Resistances to sensible heat and water-vapor (and, equivalently, 
latent-heat) exchange in the shade-house system, q ,^ qi ,^ q,, q^ ,^ and qg, are 
the specific humidities o f the cloth, the inside air above the canopy, the 
foliage, the canopy air, and the soil surface; T^, Ti^, T ,^ T,,, and Tg are the 
temperatures of the shade cloth, the air above the canopy, the plant canopy, 
the air in the canopy, and the soil surface.
w^,b "h w^,a
and, for the crop-canopy surface, the stomata resistance, r^  would be taken 
into account
~ l"w,b "h w^,a
In choosing values for resistances for a greenhouse model. Van Bavel 
et al. (1981) point out that "Values of the heat exchange resistance for the 
roof interior and the canopy are estimates that vary w idely among 
investigators and will not be constant." They handle the resistances to heat
transfer from the roof to the air and the canopy to the air in a greenhouse by 
a constant (250 s m ') based on the assumption that the resistance is 
independent o f wind speed and the temperature gradient between the 
surface and the air. Rosenberg et al. (1983) indicate that for a vegetated 
surface, "The resistance r^  may vary from near zero in very turbulent air to 
about 300-400 s m ' in still air." Oke (1991) gives some representative 
values of the aerodynamic resistance and canopy resistance for different 
surface types.
Table 4.1 Representative values of the aerodynamic ( r j  and canopy 
resistance for different surface types (from Oke, 1991).
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Surface r js  m ') rcanopy(S m ' )
Open water 200 0
Short grass (pasture) 70 70
Crops 20-50 50
Forests 5-10 80-150
The references cited above indicate that the resistances to heat and 
water-vapor exchange among the shade-house components and the 
atmosphere are d ifficu lt to estimate appropriately. Therefore overall 
resistances (except stomatal resistance) will be used for the heat and water- 
vapor exchange along the model paths. In order to give further basis for 
selecting reasonable magnitudes for the resistances, resistances for 
molecular diffusion, resistances from the logarithmic wind profile equation, 
and the resistances measured for laminar forced convection are compared 
below based on wind speeds of 0.2 m s ' and 4 m s ' .
For diffusion, the resistance to heat and moisture movement is given 
by (Campbell, 1977) 
rj = L / D,
where L is the distance from the source to the point at which the heat or 
moisture is measured; and Dj is the diffusiv ity o f heat or water vapor at an 
air temperature o f 20 °C and an air pressure of 100 kPa, which is 2 1 .5 *1 0  ® 
m^ s'  ^ for heat, D^, and 2 4 .2 *1 0  ® m^ s '' for water vapor, Dy. If the heat 
and moisture are measured at a distance of 0.6 m from the source, i.e. the 
midpoint in the crop canopy in shade house, or L = 0.6 m, the diffusion 
resistance to heat transfer is
= 0.6 m / 21.5*10®  m^ = 27910 s m '
From the wind-profile equation in neutral stability, the aerodynamic 
resistance for the heat and moisture exchange above a surface is described 
by (Monteith and Unsworth, 1990; Rosenberg et al., 1983) 
r^  ={ln[(2-d)/Zo]}^/[k^u,] 
where u  ^ is the wind speed at height z (4 m); d is the zero-p lane 
displacement; k is 0.41, the Von Karman constant; and Zq is the roughness 
height. Although the shade house w ith the momentum sink, the shade 
cloth, at a single height is distinct from the type of system, to which this 
equation is usually applied such as crop canopies w ith  leaves distributed 
over height, we apply it to the roof of the shade house. The zero-plane 
displacement height, d, is the mean level of the momentum absorption.
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Since in the shade house, the height o f the shade cloth is tha t o f maximum 
absorption of the momentum (personal communication between E. A. Graser 
and B. Amiro), a value of 3 m will be used for d. In the absence of wind- 
profile data, there is no basis for the selection of Zq. If we assume Zq is 0.01 
m, then
Th = {ln [(4  m - 3 m)/0.01 m]}2/[0.41 = 126.1 / u.
For u  ^ = 0.2 m s ', r^ a = 630 s m '; for u, = 4 m s ',  then r^ a = 31.5 s m '.
The resistance to heat exchange for a fla t plate w ith laminar forced 
convection in a wind tunnel is given by (Campbell, 1977; Rosenberg et al, 
1983)
r^  = 307(D/U)'^2
where r^ , is the resistance to heat exchange in m s '; D is the characteristic 
dimension of the object in m; U is the wind speed (in m s ') near the surface 
of the object. Because the turbulence is greater under natural conditions, 
the resistance to heat exchange is about 60% of the resistance measured in 
a wind tunne l (Rosenberg et al., 1983; Goudriaan, 1978) 
r^  = 180(D/U)'^2
The characteristic dimension of the anthurium leaves is 0.2 m. When U is 
0.2 m s ',  r^  is 180 s m ';  when U is 4 m s ',  r^  is 9 s m '.
Measured data provides another basis for selecting resistance values. 
Using the temperature profile and the sensible-heat-flux-density data
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measured above the shade cloth on 11 and 14 January 1992, r^  can be 
calculated by
Th = C, (T ,-T „J /H _  
where is the sensible-heat flux measured by a one-dimensional sonic 
anemometer; T,, and are the shade-cloth temperature and the outside air 
temperature at a 1-m height above the shade cloth. The results shown in 
Fig. 4.5 indicate that the resistance to heat transport is about 15 s m ’ 
during the day w ith little dependence on wind speed or solar-radiation levels.
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Fig. 4.5 Variation of the resistance to heat transport above the porous 
shade house on 11 (clear) and 14 (cloudy) January 1992.
The above calculated and measured resistances are similar to or fall 
into the range of the resistances given by Rosenberg et al., Oke, and Van 
Bavel et al.. The important role o f wind and buoyancy in the exchange of 
heat and water vapor in the shade house is evident because the resistance is 
50 to 60 times smaller when they are effective than w ith pure molecular 
diffusion even when the wind speed is only 0.2 m s \
In an attempt to provide reasonable resistances for heat and water- 
vapor transfer for the model pathways shown in Fig. 4.4, which are 
consistent w ith the literature and measurements, which are wind-speed 
dependent, and which include obvious differences in resistance throughout 
the shade-house system, equations are created w ith  the follow ing 
characteristics: rh, , 3 3  and r^ , , < , 3  agree to some degree w ith the logarithmic wind 
profile for neutral conditions. rh,^ i3  and r^^i3  are 3 times the values for above 
the shade house since is reduced by 1/3 by the shade cloth (Graser and 
Amiro, 1991). rh,,;, and r^,3 i3  show more resistance is expected in the crop 
canopy. More resistance is expected near the crop surfaces, and the 
ground surface, rj,g, 3  and where wind speeds are lowest. The equations 
for the shade-house model are:
■"wcoa ~ l^ hcoa ~ ^0  - 3.33u
Tw cia  = Thoia = 3 rh, „ 3  = 150 - 10u
’’ w fa ia  ~  ’’ h fa ia  =  2 0 0  -  1 O U
r^ „ 3  = 300 - lOu
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Twafa = l-hafa = 400 - lOu
where u is the wind speed at a 4-m height. There is no heat exchange 
between the canopy foliage and the air in the canopy because we assume 
their temperature is the same. Because these equations for resistance are 
mere "educated guesses", the numbers in the equations need to be adjusted 
to optimize f it  when the model results are compared w ith real data.
These equations cover all the shade-house resistance pathways (Fig. 
4.4) which are considered to fo llow  the gradient-diffusion approach.
Because the air exchange w ith the outside air is suppressed by the shade 
cloth, because a strong, daytime inverted temperature profile occurs below 
the shade cloth, and because the air exchange can be countergradient and 
as cool air passes the hot shade cloth in the daytime and is driven primarily 
by large-scale gusts o f w ind, the gradient diffusion approach is unable to 
describe the air exchange between the outside and the inside air in the 
shade house. Another approach is needed to handle the tw o  remaining 
pa th w a ys  w ith  res istances, r^ iaoa and r i^a^a, fo r  non-loca l transport.
The non-local air exchange by large-scale gusts is handled according 
to the interm ittent-refreshment approach Goudriaan (1989) and El-kilani 
(1991) described for a crop canopy. The air exchange in the shade-house 
system is envisioned as follows: the shade cloth suppresses the energy and 
moisture exchange w ith the outside air; heat and moisture builds up in the 
shade-house system and the water-vapor content becomes distinct from the
outside air (Graser and Xia (1994a and 1994b) indicate inside water-vapor 
levels are lower than those outside); eventually a gust breaks through the 
shade cloth, and comes in replacing some air in the shade house w ith  fresh 
air from above the shade house and forcing old air out of the shade house. 
Initially, inside fluxes are promoted by the greater gradients the fresh air 
causes, but gradually the inside gradients decrease and fluxes decline until 
the next gust comes in. Through the use of long-distance exchange and a 
varying resistance to parameterize gusts allows modelling this vision.
This model w ill continue to work in terms of resistances and not 
exchange coefficients as El-kilani does. Even though the "gust resistance" is 
being used in resistance-type equations, the temperature or humidity 
difference between the endpoints of the path is not the driving force behind 
the flux and hence this approach only looks like a resistance or a flux- 
gradient approach. Along the path, the local temperature or humidity 
difference is unrelated to the non-local flux and can even be opposite in sign. 
The d iffe re n ce  on ly  g ives the  energy transpo rted  be tw een  the  endpo in ts .
El-kilani (1991) modelled the gust transport between crop canopy and 
the atmosphere by introducing non-local transport and parameterizing the 
transport w ith  a large constant value of the exchange coefficient when a 
gust is active, and w ith a small value for the exchange coefficient between 
gusts; the exchange coefficient changed at a constant frequency (1/300 Hz 
at night and 1/90 Hz in the day time). The advantage to parameterizing the
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local and non-local transport separately, as done by El-kilani, is that the 
effects of interm ittent large-scale transport, that is, large-scale gusts which 
can occur counter to the gradient, on local small-scale transport, tha t is, 
small-scale gusts which fo llow  gradients between large-scale gusts, can be 
simulated much as it actually happens in the atmosphere; however, because 
gusts do not actually occur at a constant frequency and a constant intensity, 
this parameterization of gusts is imperfect.
To determine an appropriate resistance for large-scale gusts for the 
shade-house model, a simple system is considered conceptually in which the 
heat stored in the system (in) changes only when part of its air is removed 
and exchanged w ith the same volume of outside air (out) at a different 
temperature. The energy balance of this system indicates tha t the amount 
of the energy moved by the exchange 's the same as the change in
the heat storage of the system (AStH):
AStH =
Cg a T i^ /M  =  a  Ca (Tjn - Ta^jJ/rwiaoa 
where At is the time for the air to be exchanged, tha t is, the gust duration. 
W ith a complete air exchange of the inside air,
Ca V (T,a-T..,)/At = A  Ca (T,„ - Taa,)/r,;aoa 
If only a fraction of the volume of inside air was exchanged (Fex), the new 
temperature would be related to the volume of air that was exchanged 
Ca Fex V (T;„-T,JUX +  Cad-Fex) V (T ,„-TJU t = A (T^  ^ -
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Solving for the resistance,
Thiaoa =  A - T,,,)At/[V C ,  Fex (T,, -
= A At/(Fex V)
= A t/(h t Fex) 
where ht is - z,.
This resistance would be appropriate for shade-house gusts, thiaoa arid 
rwiaoa- although the shade-house system would have other energy exchanges 
occurring; however, when other energy exchanges are occurring besides 
Hiaoa/ the change in inside air temperature, AT|g, would be determined by the 
energy balance of the inside air.
According to the instantaneous vertical wind data from the porous 
shade house at noontime on 5 August 1992 (see Fig. 4.6), if a vertical wind 
speed of about 0.3 m s '" is chosen to indicate a non-local gust, then the 
average non-local gust frequency is about 1/90 Hz, that is, a gust occurs 
about every 90 seconds. This vertical wind speed threshold yields the same 
gust fre q u e n cy  as used by E l-kilani. A lth o u g h  th is  fre q u e n cy  is dependent 
on an untested threshold for defining a non-local gust, it is a useful starting 
point for selecting an appropriate gust frequency.
For this model, the frequency of gusts will be made dependent on the 
half-hour mean wind speed u, according to u/180 Hz where the average 
wind speed between 11 January and 25 March 1992 at the porous shade 
house of 2.1 m s ’ during the day and 0.9 m s ’ at night corresponds to an
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average frequency of gusts o f 1/86 Hz during the day and 1/200 Hz at 
night.
During gusts w ith  a gust duration of 2 s and an air-exchange fraction, 
Fex, o f 0.2, the gust resistance is
rhi3 „  = 2 s /(0 .2 *1 .8  m) = 5.6 s m ’
Between gusts, the gust resistance is considered to be infinite and no 
transport occurs.
The gust resistance changes over time, and, thereby, affects the 
gradient in the house; however, if it had a constant value, for this scenario
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Fig. 4 .6  Vertical wind speed in the porous shade house. Data were 
collected from 1140 h to 1210 h on 5 August 1992 by a 3-dimensional 
sonic anemometer at a 10-Hz rate. The data time interval in the plot is 1 s, 
although data were collected at 10 Hz.
w ith  a time interval between gusts of 90 s and an air exchange fraction,
Fex, o f 0.2, it would be given as:
r^ i^ p, = 90 s /(0 .2 *1 .8  m) = 250 s m '
4.2 BASIC EQUATIONS IN THE SHADE-HOUSE MICROCLIMATIC MODEL
4.2.1 Shade-Cloth Energy Balance
As shown in Fig. 4.1, the energy balance for the shade cloth is 
described by
-  A S tH p  =  RSp -1- RSp, -1- RSp, -I- RSpfp -I- RSp^p  ^ -I- RSp,g,p +  RSp,g,„
+ Rise + RIgc + Rife + RIes + RIef + RIeg
+ Hpip + Hppp + LEpip + LEppp
The equation indicates that the shade cloth influences the energy 
balance of the shade-house system by absorbing incident solar radiation 
(that is, the balance of RSp -l- RSp^  -f RSpf); by absorbing reflected solar 
radiation from the canopy (RSp,p -I- RSp^ p^ ) and the soil (RSp,g,p -i- RSp^ gfp^ ); by 
absorb ing  the longw ave  rad ia tion  from the sky (RLp), the soil (Rlg^), and the 
canopy (Rlfp); by emitting longwave radiation upward from the surface to 
the sky (RIpJ, downward from the surface to the canopy (Rlp<) and the soil 
(RIpg); when the shade cloth is wet due to the dew formed at night, by 
exchanging latent heat w ith the inside air (LEpi^ ) and the outside air (LEpp,); 
by exchanging sensible heat w ith inside air (Hp|,) and outside air (Hppp) due to 
the natural ventilation; and by sensible-heat storage (AStHp). The
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combination o f letters in the subscripts of the radiation terms indicates the 
pathway of the radiation in the system. The subscripts of the sensible-heat 
and latent-heat fluxes indicate between which shade-house components the 
energy exchange is occurring; the exchange could be in either direction.
Expanding these terms w ith expressions relating the energy flux 
densities to measurable properties (according to Section 3.2 .2.1),
AStH, = -(W,Cy, + C,,,yV,) dT,/dt 
where c„, is the specific heat o f water; W, is the liquid water storage on the 
shade cloth; is the heat capacity of the dry cloth (MJ m ® K ’ ); V , is 
the volume of shade cloth (m®); T, is the temperature of the shade cloth. 
Rs,-hRs„-^Rs,, = (Rs - F,r,Rs - (1 - F,)Rs) = (1 - r,)F,Rs = a,F,Rs 
Rs,,g„ -h Rs„g„3 = a,F,rgt,t,'Rs
Rs,„ -h Rs, , , 3  = a,F,r4,Rs 
Rs = AgRS
where a, is the absorption of the shade-cloth fibers for shortwave radiation; 
Ag is the  u n it area o f the  soil su rface  (m^); F, is the  su rface  fra c tio n  o f the 
cloth; t,  and t, is the transmissivity of the shade cloth and the crop canopy; 
tg, r„ and r, are the reflectances of the soil, the canopy, and the shade cloth; 
RS is the measured solar radiation flux density at the weather station.
RI, 3  -h Rl„ -t- Rl,g= - 2A,6,a(T,-F 273.15)'^
Rig, = A,e,(1 - F,)Fgfg(7(Tg-K273.15)"
Rife = A,e,F,e<a(T, + 273.15)'‘
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where A,, is the cloth fiber area per unit area of the shade cloth (m^); Tg and 
T, are the temperatures of the soil surface and the crop canopy (°C); €g, 
and are the emissivities of the soil surface, the crop canopy, and the 
shade cloth; F, and Fg are the surface fractions for the canopy and the 
ground; and a  is the Stefan-Boltzman constant (5.6705 * 10 ® W m^ K '^ ). 
Rise = A , 6 ,RI,
where the longwave radiation from the sky is calculated from the sky 
temperature
Rl, = + 273.15)'^
where is em issivity o f the sky, and its value is 1; and Ts is the apparent
sky temperature (hereafter called sky temperature). The sky temperature
can be estimated from the outside air temperature T„^ measured at the 
weather station w ith a separate equation for a clear sky or cloudy sky 
(Goudriaan, 1977; Monteith, 1973)
Ts = T J 1  + 0.2) - 21 clear
Ts = T „ 3  - 2  cloudy
where all temperatures are in °C. The original references use temperature at 
a 2-m height, but here, the temperature at a 4-m height is used in the 
calculation of sky temperature. The cloudiness of the sky during the day 
can be recognized by the comparing the measured solar radiation, RS, to the 
theoretical solar radiation for the latitude, day of the year, and time (for 
example, Oke, 1991), or to the mean solar radiation curve for that season
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and location. As an example of determining cloudiness for calculation of sky 
temperature, Fig. 4.7 shows the comparison of measured solar radiation on 
11 January 1992 (clear) and on 15 January 1992 (cloudy) to the mean 
solar-radiation curve during the period from 10 January to 25 March 1992 
for the Hilo, Hawaii area. The comparison is only made between 800 h and 
1600 h because, w ith low  radiation values before 800 h and after 1600 h, 
the seasonal effects on the mean can make the comparison inappropriate; 
for example, clear mornings in January may have similar solar radiation to
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Fig. 4.7 Comparison of the solar radiation on a clear day (11 January 1992) 
and on a cloudy day (15 January 1992) to the mean solar radiation curve 
between 10 January and 25 March 1992 for the Hilo, Hawaii area.
cloudy mornings in March. If the ratio of RS(t) to RSmean(t) is greater than 
a critical value, such as 1  in this case (since the mean contains many cloudy 
days), then the sky temperature is calculated using the clear sky temperature 
equation; otherwise, the sky temperature is calculated w ith  the cloudy sky 
temperature equation.
According to the resistance approach (for example, Campbell, 1977; 
Goudriaan, 1977), the sensible-heat and latent-heat flux can be calculated 
by
^cia ~ - T|a)/rhda
Hcoa = - CaAgd, - T„a)/rh,oa
where C, is the heat capacity of air (J m'^ k '); r^ ,aia and r^ o^a are the 
resistances to heat transport (s m '); Tja and are the temperatures of the 
inside air and the outside air; and, when shade cloth is wet,
LEcoa = - L Ag Da (q, - q,a)/rwcoa 
i-Egia - L Ag Da (q^ ■ qiaVr^vcia
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where r^ j^a and r^ ,,aa are the resistances to water-vapor transport (s m '); qc '
q^ a, and qia are the specific humidities o f the shade cloth, the outside air, and 
the inside air (kg kg '); L is the latent heat of vaporization; otherwise, q,, 
equals q^ a and q  ^ equals qia, and the latent-heat fluxes are zero.
The specific humidity q„q is calculated from RH^a by the equations in 
Section 4.1 .5:
es = 0.61078 exp[17.269 T /(T + 237.3)]
e = RH * es(T) 
q = 0 .622 e/(P - 0.378 e)
As discussed in Section 4.1 .5, the specific humidity of the shade 
cloth is described by
da = PEC qs(Ta)+ (1 - PEC) q  ^
where PEC is the active surface fraction for shade cloth which is given by 
PEC = 1 - (S[1- (Wa/Wa,aax)"'"] 
where \N^ is the amount o f liquid water on the surface of the shade cloth, 
Wamax is the water-holding capacity of the shade cloth. When the above 
equation for da is used to calculate the moisture exchange between the cloth 
and the inside air, then q, is the specific humidity of the inside air di,; when 
it is used to calculate the moisture exchange between the cloth and the 
outside air, then q  ^ is the specific humidity of the outside air Pag. This 
assures that when the shade cloth is dry {\N^ = 0 ), the specific humidity of 
the shade cloth is the same as the specific humidity of the adjacent air so 
that no evaporation nor storage occurs. When the cloth is w et due to rain 
or condensation, the wet part of the shade cloth has a saturated specific 
humidity at the temperature o f the shade cloth. The calculation of the 
saturated specific humidity was given in Section 4 .1 .5 .
The energy balance of the shade cloth is expanded as
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(WpC« + Cp,d,yVp) dTp/dt = apFp(rgRs tpt," + r,Rs tp + Rs)
+ Ap€p[ ( 1  -F,)Fgega(Tg + 273.15)^
+ F,e,a(T, + 273.15)'' + + 273.15)1
- 2 Ap€pa(Tp + 273.15)^ - C^Agdp - TJ/rnpip
- CpAg(Tp - TpJ/fhep, - L Ag Dp (Qp - qpp)/r^ppp
- L Ag Dp (qp - qj/r^pip (4.1)
4 .2 .2  Crop-Canopy Energy Balance
As shown in Fig. 4.1, the crop-canopy energy balance is given by
-AStH,p, = RSp, +RSp,p +RSp,g + RSp,g, +RSp,g,p
+  R lg f  + R l c f  + R l g f  +  R i f e  + R l f g  + R l f s
+ H,pg +H,pip + H,p, +LE„p +LEfpg +LE,pjp +AStLE,p,
The energy-balance terms of the crop canopy include the incoming 
shortwave solar radiation at the top of the canopy (RSp, -f- RSp,p -i- RSp,g); the 
reflected solar radiation from soil surface to the canopy (RSp,g, -I- RSp,gp); the 
longwave radiation emitted from the sky (RlgJ, the shade cloth (RIpf), and the 
soil surface (Rlg^ ) to the canopy; the longwave radiation emitted by the 
canopy downward to soil (Rl^ g) and upward to shade cloth (Rl,p) and sky 
(RIfp); the sensible-heat flux to and from the soil (Hg^ p); the sensible-heat 
flux to and from the inside air (H,pip); the sensible heat flux to the foliage to 
allow evaporation (H,p,); the latent-heat exchange between the foliage and 
the air in the canopy (LE„p); the latent-heat flux from the soil surface (LEg,p);
the latent-heat flux between the canopy air and the inside air (LE^ j^g); the 
sensible-heat storage in the canopy foliage, the canopy air, and the liquid 
water (AStH,3 ,); and the latent-heat storage (AStLE,3 ) in the canopy air.
According to the water-vapor balance of the canopy air (see Section
4 .2 .6  and Fig 4.2)
ASt LE,3  -I- LE„3 -I- LE,3g -H LE,3i3 =  0
The water phase change when water evaporates from the foliage 
converts some sensible heat into latent heat. Because in this model the 
crop-canopy energy balance considers the canopy as a whole and the air and 
foliage are not separated, although the latent-heat flux from the foliage into 
the canopy air is along a humidity gradient, the sensible heat is not 
calculable because T, is assumed to equal the temperature o f the air in the 
canopy Tf«; however, LE„ 3  equals H,g, in magnitude, and so H,3 , is quantified 
based on LE„3 : H,3 , = -LE„3 .
Expanding the remaining terms in the equation w ith the expressions
below,
AStH,3 , = -(D,CyyV, + AgW,c^)dT,3 /dt 
where AStH,3 , is the sensible-heat storage in the canopy foliage, the canopy 
air, and the liquid water on the foliage (expanded according to Section 
3.2 .2 .2); Cy, is the specific heat of water; V, is the volume of the plants per 
unit ground area; D, is the density of the plants; W, is the liquid water 
storage on the plants
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RScf + RScfc + RScfg = F,a,t,Rs 
RScfof +  RScfgf = F,a,fgt,t,Rs 
where a, is the absorption of the canopy for shortwave radiation 
RI3 , = e A  ( 1  - FJRI,
Rl,f = eA  Fofc<7 (T, + 273.15)^
Rig, = e A  FgfgCrlTg + 273.15)" 
where A, is the projected leaf area
Rl,, + Rl,g + RI, 3  = - 2A,e,a(T, + 273.15)"
H fa g  =  ■ "  " F g ) / r h g fa
F Ifa ia  =  ■ A g C a  ( T , g  -  T | 3) / r b ,a ja
H,a, = -LE „a  = -L  PEF Da LA(qs(T,) - q,a)/r^«a 
where LA is the leaf area per unit ground area (m^) and it has the same value 
as the leaf-area index; q,a is the specific humidity of the air in the crop 
canopy; r^„a ‘s the resistance to water-vapor transfer; r^ g^ a and rb,aja are the 
resistances to heat transfer; PEF is a function which includes the fraction of 
the crop surface which is active for evaporation or condensation and the 
resistance to water-vapor transfer (Section 4.1.5)
PEF =  1 - (J [ra /(ra -h r,„a )][1  - (4 .2 )
If the leaf is dry (W, = 0) and evaporation is occurring (ft = 1),
PEF = 1 - ra/(ra + r^„a)
and the equation for evaporation:
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= PEF D, LA(qs(T,) - q,J/r^,,, (4.3)
takes its usual form:
E„, = D, LA(qs(Tf) - q,J/(r3  + r„ „J  
where r^  and r„ , , 3  are the resistances along the path in Fig. 4.4.
When the leaf is partly wet, the effect of the stomatal resistance 
decreases, and evaporation comes from both the liquid water on the foliage 
and the plant transpiration. When the leaf is tota lly wet (W, = W,„,g^), and the 
stomata are covered, so PEF equals 1, r^  is no longer in the equation 
E„ 3  = D3  LA(qs(T,) - 
Evaporation is only from the liquid water standing on the canopy surface. If 
IS is equal to 0, PEF equals 1, and condensation occurs over the entire 
foliage.
Because stomatal resistance is not available as a function of 
environmental factors for potential shade-house crops such as anthuriums, 
an average diurnal stomatal resistance curve was developed based on the 
best available data. Measurements of stomatal resistance of potted 
Heliconia psittacorum  L.f. Cv Common orange (S.C. Furutani, personal 
communication to E.A. Graser) and field-grown Alpinia purpurata  (Vieill.) 
Kschum. Red ginger (D. Inouye, personal communication to E.A. Graser) 
showed that the plants close their stomata by mid morning. The general 
shape of the assumed stomatal resistance curve reflects the response of 
stomata to solar radiation and water uptake as well as published magnitudes
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for stomatal resistance which indicated stomatal resistance may vary from 
about 50 to 100 s m ’ when stomates are wide open to very large values 
when tigh tly  closed." (Rosenberg et al., 1983). A stomatal resistance of 
3000 s m ’ is assumed for nighttime.
The heat stored in the crop canopy is given by
C ,V ,dTJdt = F,a,(t,Rs + r,t,t,Rs) + e,A, [(1 - FJRI,
+ F,e,(7(T, + 273.15)" + F,f,a(T , + 273.15)"]
- 2A,e,a(T, + 273.15)" - A,C,(T, - T,J/rb,,,
- L PEF D, LA(qs(T,) -
+ A,C, (T, 3  - TJ/rb,,i3  (4.4)
Fig. 4 .8 A curve describing the assumed variation o f stomatal resistance 
during the day. The curve is based on the unpublished measured data from 
several tropical crops.
4.2 .3  Soil-Surface Energy Balance
As shown in Fig. 4.1, the soil-surface energy balance can be given by
-AStHg = RScfg + RSj.,g, + Rlgg + Rl^ g + RIfg
+  R ig s  +  R Ig c  +  R Ig f  +  H g fa  +  L E g fa  +  G b
The energy flux into the soil-surface layer includes the shortwave radiation 
absorbed by soil (Rs f^g + RScfgf); the longwave radiation from the sky (Rlgg), 
the shade cloth (Rl^ g), and the crop canopy to the soil (Rl,g); the longwave 
radiation emitted from the soil to the sky (Rlg^), the shade cloth (Rlg^), and 
the canopy (Rig,); the sensible-heat flux (Hg,J and the latent-heat flux (LEg,,); 
the heat conduction between the bottom of the surface soil layer and the 
underneath soil layer (GJ; and the sensible-heat storage (AStHg).
Expanding these terms,
AStHg = -CgAgD,
where Cg is heat capacity of soil; D, is the depth of surface soil layer
Rs„g + Rs„g, = ( 1  - rg)t,t,Rs 
Rl^ g = Agfgd - F,)d - F^Rl,
Rl,g = Agfgd - F,)F,^^^(T, 2 7 3 . 1 5)^^
Rl,g = Agfg F,f,a(T, + 273.15)"
Rig, + Rig, -h Rig, = - A g ^ g ^  ( Tg -f 273. 15)^
H g fa  =  ■ G a A g ( T g  -  T , g ) / r h g , a
where r^ g,, is the resistance to heat transfer between the soil surface and the 
air in the crop canopy.
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L E g fa  ~  ■ L  D g A g l d g  '  Q  f Q l  Z ^  Q f
where r^ g,g is the resistance to water-vapor transfer between the soil surface 
and the air in the crop canopy; Qg is the specific humidity o f the soil 
surface. Two available methods to determine the specific humidity o f the air 
in the surface soil w ill be discussed w ith the advantages and disadvantages 
of each. In the firs t method, the soil surface is considered to be part dry 
w ith  the specific humidity of the overlying air and part w et w ith  the specific 
humidity o f the soil saturated at the surface-soil temperature (Section 4.1.5) 
Qg = PEG qs(Tg) -f (1 - PEG)q, 3  
PEG = 1 - (l[1- (Wg/Wg„,,j2'3] 
where Wg is the amount of liquid water in the soil o f the surface layer, 
is the water holding capacity of the surface-soil layer. A disadvantage of 
this method is that the soil moisture is not patchy in the sense that water is 
on smooth surfaces and hence PEG may not work well for the soil especially 
w ith  the 2/3 exponent. Deardorff (1978), who described this approach, in 
fact, does not treat condensation on the soil surface by this means, but adds 
the water to the soil liquid water storage. He points out the benefits of 
predicting the specific humidity based on the surface soil water content 
rather than the bulk soil value, so that the surface soil water content can 
w et up and dry out quickly as is characteristic of this interface and can 
affect soil evaporation.
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In the second method, the specific humidity o f the soil surface can be 
calculated from the soil water content, 0 ,^ or soil liquid water storage, W^. 
First the soil water potential is determined according to the soil water 
characteristic curve for cinder (Fig. 4.9). Second the RH or eg/es(Tg) is 
calculated by (Rosenberg et al., 1983)
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V/ =  R (T + 2 7 3 . 1 5)/Vy, ln(eg/es(Tg)) (4.5)
Fig. 4 .9 Soil water characteristic curve for volcanic cinder. The water 
content at 0.5, 1.0, and 1.5 MPa water potential were measured by H. 
Ikawa (unpublished data). The air-dry water potential was calculated based 
on Equation 4.5 w ith a room temperature of 23.4 °C and a relative humidity 
of 75% . The water potential at field capacity is 0 .033 MPa (Jury, 1991); 
the water content at field capacity was given in Section 3 .2 .2 .3 . The 
pressure chamber may not achieve the reported water potential in the 
upward-facing, cup-shaped, bubble-type pores on the upper edge of the 
cinder, if the water in these pores is not interconnected w ith  the ceramic 
plate (micropores may not be present); the large coarse cinder also had 
limited contact points w ith the plate relative to finer textured soils.
where R is the gas constant (8.314 * 10® m® MPa mol ’ K ’ ); is the 
volume occupied by 1  mole of water vapor, it is 18 * 1 0  ® m® mol ’ 
(Campbell, 1977); is the soil water potential in MPa; eg and es(Tg) are 
the vapor pressure of the air on the soil surface, which can be solved for Og 
eg = es(Tg) exp{v/g VJ[R(Tg + 273.15)]}
Finally eg can be converted to Pg by (Rosenberg et al., 1983) 
q = 0 .622 e/(P - 0.378 e)
This method has the benefit of being physically based; however, the soil 
water characteristic curve must to be known to calculate the soil water 
potential and if a shade house had a different growth media (such as 
bagasse), the curve would be unavailable.
Two available methods for determining the soil heat flux between the 
surface soil and the subsoil are presented w ith their advantages and 
disadvantages. In the firs t method, a sine-wave approximation is used to 
give the soil heat flux (Campbell, 1977)
Gb = Cg ADi(kg07)° ®sin[w(t-to)-H/r/4] (4.6)
where Cg is the soil heat capacity; Ap, is the amplitude of the soil 
temperature wave at depth D1; kg is the soil thermal d iffusiv ity; w is the 
angular frequency given by 2;r/86400 s/d; t  is the time of day; to is the 
time shift to bring the sine wave in phase w ith the temperature wave. The 
average amplitude A^, is 4.12 °C based on the soil temperature data 
collected at a 0.005-m  depth under the plant row and the soil in the shade
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house from 10 January to 25 March 1992; the phase shift, to, to bring the 
sine wave in phase w ith the measured soil heat flux (see Fig. 4.10) is 4 h * 
3600 s/h. For this cinder soil where is 0.67 * 10 ® m^s ' and Cg is 1.5 MJ 
m ® °C ' (see Section 3.2 .2.3), the soil heat fluxes calculated by Equation 4.6 
are compared w ith  some measured data in Fig. 4 .10. The comparison 
shows that a disadvantage of the approach is that it is not sensitive to day- 
to-day variations, for example, the temperature and water content of the soil 
can vary over time, but the average is the same from day to day. An 
advantage is that, w ith appropriate soil constants, it gives a reliable average 
w ithou t detailed data on and a consideration of the subsoil.
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Fig. 4 .10 Comparison of predicted soil heat fluxes calculated by the sine- 
wave approach w ith the measured soil heat flux. Data were collected in the 
shade house on 11 and 14 January 1992 on the Island of Hawaii, Hawaii.
It is surprising that the soil heat fluxes in Fig. 4 .10 are larger than we 
expected because only a small amount of solar radiation passes into the 
shade house. The soil heat fluxes are about 5 to 7% of the net radiation 
measured above the shade house. Sellers (1965) reported that the soil heat 
flux varies from 5 to 15 percent o f the net radiation for a crop and a grass 
field and 25 to 30 percent of the net radiation for a bare soil on a clear day. 
The soil heat flux in the shade house is near the low lim it o f the soil heat 
flux for the crop and grass field given by Sellers. A possible reason for the 
large soil heat fluxes is that, due to the high temperatures in the shade 
house and the reduced air exchange, more energy goes into the soil-heat 
flux than the sensible-heat flux. Another possible reason is that there may 
be measurement error in the soil heat flux measurement.
In the second method, the surface soil heat flux is described in terms 
of the temperature gradient between the surface and the subsoil according 
to
Gb = - AgKg (Tg-T2 )/(Zg-Z2 ) (4.7)
where T j is the temperature o f the subsoil layer; Zg is the depth o f Tg taken 
as the middle o f the surface layer (depth, negative); Zj is the depth of T j 
taken as the middle point of the subsoil layer; and Zg - Zj = 0.5 D j where 
□ 2  is the depth of the base of the subsoil layer. D2  is selected to be 4.67 * 
d where d is the damping depth so on a daily basis no heat w ill be lost
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deeper into the soil. The method is not tested because there is no available 
soil temperature data available for testing it.
Two methods to determine T j are given. One possibility for 
determining the value of T j is by means of a relationship between the 
subsoil temperature and the air temperature. For example, T j could be 
assumed to be equal to the mean air temperature over the previous 24 h 
(Deardorff, 1978), or T j could be determined by a correlation between the 
air temperature and the soil temperature (Ikawa and Kourouma, 1985). If 
such a relationship is established, T j can be easily estimated; however, if 
the relationship is for an open-air location, the relationship probably is a poor 
predictor of the soil temperature in a shade house where solar radiation, air 
temperatures, and air exchange are different than for open air location. 
Waggoner (1959) reported that a shade house resulted in a 1.5 to 4 .0  °C 
decrease in the temperature at the soil surface compared w ith  outside. 
Another approach to determining T j is to predict the temperature o f the 
subsoil layer by means of the subsoil energy balance (Deardorff, 1978). As 
shown in Fig. 4.11, if the soil heat flux at the bottom of the subsoil layer is 
negligible for the daily period due to its sufficient depth (that is, D j = 4.67 
d), the subsoil temperature, T j, which is the average temperature o f the 
subsoil layer, depends only on the heat flux from surface soil layer into the 
subsoil layer. T j can be described by
C,(D 2 -D i)A ,dT 2 /d t = - G, = K,A, (T^-T^I/lz, - z,}
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Fig. 4.11 Diagram for the two-layer soil-temperature model. The midpoint 
of the layers is taken as the depth w ith the layer-average temperature; the 
average temperature would actually occur above the middle o f the layers. 
GO is the soil heat flux into the surface soil layer at z = 0 m, G  ^ is the soil 
heat flux at depth Di = 0 . 0 1  m.
Together w ith the soil surface energy balance equation (4.8), initial values, 
and constants, Tg and T j can be predicted.
This second approach has the advantage of allowing G,, to respond 
day-to-day variations in Tg, but it has the disadvantage of assuming the 
temperature gradient is linear over a thick layer where it is clearly not linear, 
and of requiring the temperature of the subsoil layer T j. There is no 
assurance that in the second approach to obtaining T j, that T j w ill take a 
realistic value.
by
The energy balance equation of soil surface is given in expanded form
CgAgD, dTg/dt = (1 - rg)t,t,Rs + Ag6g[(1 * F ^d  > F,)RI,
+ (1 - F,)F,e,a(T, + 273.15)"
+ F,e,a(T, + 273.15)"] - A,e^a{T, + 273.15)"
- AgCalTg - T,a)/rhg,a'  L DaAg(qg - q,a)/r^g,a + Gb (4.8)
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4 .2 .4  Energy Balance of the Inside Air
Because air does not absorb shortwave and longwave radiation, the 
energy balance of the inside air w ill only depend on the sensible-heat and 
latent-heat fluxes and storage. The energy balance of the inside air, as 
shown in Fig. 4.1, is given by
- A S t H i ,  =  H i , ,  - f  H i ,,3 -1-  H i , , ,  -t- L E i „  +  L E i , , ,  +  L E i „ ,  - t-  A S t L E i ,
where H i , ,  is the sensible-heat flux between the shade cloth and the inside 
air; H i , , ,  represents the sensible-heat exchange between the inside air and 
the air in the canopy; Hi,,, represents the sensible-heat exchange between 
the inside air and the outside air; LEi,, 'S the latent-heat flux between the 
shade cloth and the inside air; LEi,,, represents the latent-heat exchange 
between the inside air and the air in the canopy; LEi,,, represents the latent- 
heat exchange between the inside air and the outside air. They are 
described by
Eliac ~ ■ AgC, (Ti, - T,)/rb,i,
Hiafa = ■ AgGa ("Fig - T,a)/rb,aia
Hiaoa = ■ AgCg (Tig '  Tgg)/rbiaoa
LEcia = - L Ag Dg (Pig '  q j/t^ .ig  
L E i a f a  =  -  L AgDg (Pia - P , a ) / r w f a i a
LEiaaa =  '  L AgDg (Pig - Paal/rwiaoa 
where rhiggg is resistance to heat transfer between the inside air and the 
outside air; r^ig^g is resistance to water-vapor transfer between the inside air 
and the outside air. As discussed for the energy balance of the crop 
canopy, the latent-heat balance of the inside air (see Fig. 4 .2 and Section 
4.2.5) can be given by
-AStLEig = LEig, -1- LEigfg -H lE  , ^
This allows the sensible-heat storage of the inside air to be simplified as
-A S tH ig  =  Hig,, +  Higfg 4  Higgg
Substituting w ith
AStHig = -CgVig dT,g/dt
the sensible heat storage becomes
CgV^ g dT;g/dt = - AgCg (T,g - ~ A  ^ (T,g - T,g)/rH,3 |.
- AgCg (Tig - T„g)/rbig„g (4.9)
4.2 .5  Water-Vapor Balance of the Inside Air
The water-vapor content of the air inside the shade house, as seen in 
Fig. 4.2, depends on evaporation and condensation o f liquid water from and
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onto the shade cloth (E|pp), water-vapor exchange w ith the air in the canopy 
by the small-scale turbulence diffusion transport and w ith  the outside 
air by the large-scale gusts (E|ppp), and the storage of water vapor in the air 
(AStEip), thus
-AStEjp Ejgp -|- Ejg^ p -|- E|gpg
Expanding these terms,
AStEip = -V,pDpdqJdt
where \/,^ is the volume of the inside air or (z^ ,^ - z, ) * 1  m^; z^  ^ and z, are the
height of the shade house and the crop canopy, respectively;
Eiac = -AgDp(q;p -qj/r,ipp 
Eiafa = - AgDp (Pip - q,p)/r ,^pip 
E|aoa * AgDp (Pjp - qoa)/twiaoa
The water-vapor content change over time in the shade house could 
be given by
VipDpdq,p/dt = - Ag Dp (q^ p - q^l/r^pip - AgDp (q,p - q|p)/r ,^pip
- AgDp (Pip-qpp)/r^ippp (4 .1 0 )
4 .2 .6  Water-Vapor Balance of the Air in the Crop Canopy
The water-vapor balance of the air in the crop canopy, based on Fig.
4.2, is given by
-A StE fp  =  E,p, -I- Efpg +  E^pIp
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where aSi E^  ^ is the water-vapor storage in the canopy air; E^ g^ is the water- 
vapor exchange between soil surface and the air in canopy; E^ ,^, is the 
water-vapor exchange between the inside air and the air in the crop canopy; 
and E„a is the water-vapor flux between the foliage and the canopy air. 
Expanding these terms,
AStE, 3  = d q jd t
where is the volume of the air in the crop canopy, or z, * 1  m^; z^  is the 
crop height;
E,,, = PEF D, LA(qs(T,) - q,J/r^,,,
Efag = - AgDJq,, - qg)/r^ g,3
E fa ia  '  A g D g  ( P fa  "  P ia l / ^ w fa ia
The expanded moisture balance of the air in the crop canopy is 
d q jd t  = D, PEF LA(qs(T,) - q ,J/r^„,
- AgD,(q , 3  - qg)/r^gf3  - AgD, (q,, - q (4.11)
4 .2 .7  Shade-Cloth Liquid-Water Balance
According to Fig. 4.2, the liquid-water balance of the shade cloth is 
described by
W ,(t-Fdt) = W,(t) -f (P, -F E,i3  + E,3 3 )dt + R, 
where W 3 (t-l-dt) and y\IJX) are the amount of liquid water (kg) on the shade 
cloth at times t  and t -i- dt; dt is the time interval; P,, is the rate o f rain (P) 
intercepted by the shade cloth; R^  is the liquid water from rain or
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condensation that exceeds the water-holding capacity of the shade cloth, 
and drops to the crop canopy; and E^ ^^  are the water-vapor 
exchange rates between the shade cloth and the inside air and the outside 
air, respectively. Evaporation occurs only when the shade cloth is w et from 
rain or dew. A fter and qig have been determined by the simultaneous 
solution (Section 4.3), E^ ia and E^ ^^  are calculated from 
Ecoa = - Ag D, (q, - q„a)/rwcoa
Ecia ” Ag Dg (q  ^ - qja)/ryvcia
P3  is given by 
Pc = A,P 
P = * PPT
where P is the precipitation rate (kg m'^ s '); PPT is the precipitation rate (m 
s '). When W Jt) -h (E,ia + E _  + PJdt > W _ ,
Rc = W _  - [W Jt) -H (E,ia -h E _  -h PJdt]; 
otherwise, = 0 . 0
4.2 .8  Crop-Canopy Liquid-Water Balance
The liquid-water balance of the crop canopy can be described, as 
shown in Fig. 4 .2, by
W,(t + dt) = W,(t) -F (P, -F IR, -F E,)dt + R, -F R,
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where W ,(t-i-dt) and W,(t) are the amount o f liquid water (kg) on the crop 
canopy foliage at times t + dt and t; P, and IR, are the rate of rain and 
irrigation interception by the canopy. These terms are expanded as follows: 
P, = P(1 - FJA,
IR, = A,IR
where IR is the irrigation rate (kg m'^ s ’ ).
E, is the evaporation rate o f liquid water from the canopy surface. 
Because E,,, includes both the water evaporated from the leaf surface (E,) 
and transpiration (Etr),
Ef = - Etr
The difference E^  ^ - Etr represents evaporation or condensation of liquid 
water from and to the canopy surface. When ft equals 1 and there is liquid 
water on leaves (W, > 0), the liquid water will be evaporated from the 
canopy surface, and the transpiration will not be included. When ft equals 
0 , the water vapor in the air w ill be condensed over the entire leaf surface. 
A fter q , 3  is determined by simultaneous solution (Section 4.3), according to 
Equations 4.2 and 4.3,
E„. = {1 - I51r./(r. + r„„.|][1  - (W,/W,„ „ ) “ ]} D. LA(qs(T,) - 
and from  Deardorff (1978),
Etr = 5 [ r „ J ( r .  + r„„.)][1  - (W ,/W ,„„)^«l D. LAIqs(T,l - q ,. l/r ,„ .
E, can be expressed as
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E, = { 1 - R[r./(r. + r^,.)][1 - (W ,/W ,_ |^« l
■ B [r„„./(r. + r„„.|][1  - (W,/W,„ „ ) "= ]}  D. LA(qs(T,) - q ,. l/r„„.
A fter rearranging, E, is given by
E, = {1 - B[1 - (W,/(W,_)2'®]} D3  LA(qs(T,) - q,3 )/ryy, , 3  
Rf is the amount o f water from rain, irrigation, and condensation 
initially intercepted by higher surfaces running to the soil surface. When 
W,(t) + (IR, + Pf + E,)dt + Rc > W,,„3  ^ where is the water holding
capacity of the foliage
Rf = - [W,(t) + (IR, + P, + E,)dt + RJ;
otherwise,
R, = 0
4.2 .9  Soil-Moisture Balance
Two approaches to the soil water balance are presented and 
evaluated. The most simplistic is to assume that the soil-water content 
remains constant over time. Most shade houses in the Hilo, Hawaii area do 
remain "well-watered" due to rain and/or irrigation. The second approach is 
to consider the terms in the soil-water balance. The water balance of the 
surface soil layer, as shown in Fig. 4.2, is
W ,(t + dt) = W ,(t) + (P, + IR, + E ,Jd t + R, -f D 
where W ,(t-t-dt) and W ,(t) are liquid-water storage of the soil surface layer 
(kg) at times t  + dt and t; P, and IR, are the rate at which precipitation and
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irrigation water arrive at the soil after being intercepted by the shade cloth 
and the crop canopy; R, is the runoff amount; D is the drainage amount.
Wg = O.D^D,Ag
where is the density o f water; 0  ^ is volumetric water content o f surface 
soil layer; and D, is the thickness of the surface soil layer.
Pg = P(1 - F,)(1 - F,)Ag 
IRg = IR(1 - F,)Ag
D is the drainage deep into the soil, if the water content o f the 
surface soil layer is greater than the water-holding capacity o f the soil,
Wg,.,,,, where = 0 ,pc D, Ag, that is, when
Wg(t) -h (Pg -h IRg -H Eg,jdt R, > W g _
D = W g _  - [Wg(t) -h (Pg -f ^g  4 Eg.^dt +
A fter q , 3  is determined by simultaneous solution (Section 4.3), Eg,, is 
calculated according to
Egfa = - DaAg(qg - q,a)/r«,afa
This soil-water balance does not consider water conduction upward 
from the subsoil. This omission probably works well for the cinder soil, 
because it is coarse and preferential flow  is thought to predominate over 
Darcian flow , which is normal for finer textured soils. The thickness of the 
surface layer (see Section 4.1.2) is very important, because w ith this 
simplified approach it determines how well the soil is modeled: if the layer is 
too thin, excessive evaporation will reduce the water content too fast and
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unreasonably high soil temperatures could result; if the layer is too thick, 
the (average) water content w ill not be changed by evaporation and 
condensation, and the soil temperature will be steady over time instead of 
corresponding to the three stages of soil drying. W ith an appropriate 
thickness and w ith frequent rewetting by rain and irrigation to "reset" the 
water content, the three stages of soil drying should be seen.
4.3 NUMERICAL SOLUTION OF SHADE-HOUSE MODEL EQUATIONS
Equations (4.1), (4.4), (4.8), (4.9), (4.10), and (4.11) (w ith the heat 
capacity or density constants moved to the other side of the equation) are 
first-order differential equations which describe the change over time of 6  
shade-house system state variables. These equations are coupled through 
the energy (radiation, sensible heat, and latent energy) and water-vapor 
exchange between the components of the system: a change in one variable 
w ill result in changes in the others. A numerical integration method is 
needed to solve the equations simultaneously. The Runge-Kutta method, 
which is one of the most popular methods for the numerical integration of 
ordinary differential equation, is selected to solve the equations in the shade- 
house model. The Runge-Kutta method is a single-step method because it 
only requires knowledge of y  ^ to predict (Atkinson, 1988; James et al., 
1977; Cheng, personal communication).
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4.3.1 The Runge-Kutta Method
Assume that a dependent variable y changes over time according to 
the first-order differential equation below
dy/dt = F(t,y) (4.12)
where dy/dt is the derivative of y over time t; F(t,y) is the expression that is
the function of y and t. The solution of Equation 4.12 by means of the
fourth-order Runge-Kutta method is expressed as (Atkinson, 1988; James 
et al., 1977)
Vt+dt = Vt +  (9i +  2a2 +  2aa + a4)dt/6 (4 .13)
where a,, a2 , a^, and a4  are the function values o f F(t,y) at slightly different 
values of y and t 
a, = F(t,y,)
a2  = F(t-i-dt/2, y, + a id t/2) 
ag = F(t-t-dt/2, y, -i- a2 d t/ 2 )
0 4  = F(t-l-dt, y, + agdt)
If we know the initial value of y at time t, y at time t-i-d t can be obtained 
from Equation 4.13.
4 .3 .2  Application of the Runge-Kutta Method to the Shade-House Equations
The shade-house model requires six equations (4.1, 4.4, 4.8, 4.9, 
4 .10, and 4.11) to be solved simultaneously for six unknown variables T,,,
"Fia> "F fa / "Fg» P ia /  3 n d  P fg .
I l l
dTp/dt = F1(t,Tp,Tip,T,p,Tg,q;p,q,p)
dTjp/dt = F2 (t,Tp,T|p,T^p,Tg,qjg,q^g)
d T Jd t = F3(t,Tp,Ti3,T,p,Tg,qip,q,p)
dTg/dt = F4(t,Tp,Tip,T,p,Tg,qi3,q^3)
dq,3 /d t = F5(t,Tp,Ti3,T,3,Tg,q;p,q,3)
d q jd t  = F6 (t,Tp,Tip,T,p,Tg,qip,qJ 
where all the variables have the same meaning as was given previously. The 
solution of the six equations are given by a fourth-order Runge-Kutta method 
(James et al., 1977) as
Tct+dt = Tp, -h (a i( 1 )-h 2 a2 ( 1 ) + 2 a3 ( 1 )-Ka4 ( 1 ))dt / 6
Tiat+dt = Ti3 , + (a i( 2 ) + 2 a 2 (2 )-L 233(2)+a4(2))dt/6
Tfat+dt =  T,p, -I- ( a , ( 3 ) - I - 2a 2(3 ) - I - 2 3 3 ( 3 ) -I -34(3 ) ) d t /6
Tgt+dt ~  T g ,  -I- ( a , ( 4 ) - f  2 3 3 ( 4 ) - I -2 3 3 ( 4 ) - L a 4(4 ) ) d t /6 
Piat + dt “  Qiat (3l (5 ) - t -2 3 3 ( 6 )  - I -2 3 3 ( 6 ) - f - 3 4 ( 5 ) ) d t / 6
Pfat+dt =  Pfat +  ( a i ( 6 )-H 2 3 3 ( 6 )  + 2 3 3 ( 6 ) + a 4 ( 6 ) ) d t / 6  (4 . 14)
where the expressions of ai(j), a2 (j), a3 (j), and a4 (j), j = 1 to 6 are given by 
a-| (j) — Fj(t,Tp t,T|g ,,Tfp ,,Tg ,,qia t»Pfa t)
a2 (j) = Fj(t + dt/2, Tp, + a i(1)dt/2 , T;p, + 3 i ( 2 )d t/2 , T,p, + a i(3)dt/2 ,
Tg, + a i(4 )dt/2 , qjp, + a i(5)dt/2 , q,p, + ai(6)dt/2) 
a3 (j)=F j(t + d t/ 2 , Tp, + a2 ( 1 )d t/2 , T^,, + a.^(2)6xl2, T,p, + a2(3)dt/2,
Tg, + a2(4)dt/2, q^ p, + a2(5)dt/2, q,p, + a2 (6 )d t/2 )
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a 4( j )  =  F j ( t  +  d t ,  +  33d ) d t ,  +  a 3( 2 ) d t ,  +  a 3( 3 ) d t ,
Tg, + a3(4)dt, qi3 , + a3(5)dt, q,,, + a3 (6 )dt)
4 .4  STRUCTURE OF THE MICROCLIMATIC MODEL
The shade-house microclimatic model is structured as shown in Fig. 
4 .12. First, the physical properties of the shade cloth, the crop canopy, and 
the soil surface are assigned based on the experimental shade house 
described in Chapter 3 (Section 3.2.1), or, as available, based on data 
specific to the shade-house of interest.
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Fig. 4.12 Shade-house microclimatic model flowchart.
Next, initial conditions or values are assigned for the system-state 
variables: shade-cloth temperature T „  the inside air temperature Tjg, the 
canopy air temperature T,^, the soil temperature Tg, the specific humidity of 
the inside air qi ,^ the specific humidity of the air in crop canopy q,3 , the 
water content o f the shade cloth W „  the water content of the canopy W ,,  
and the water content of the soil Wg (and possibly the subsoil temperature 
T^).
The differences among the values of the system temperatures, which 
fo llow  diurnal temperature cycles, are smaller in the early morning and late 
afternoon than in the daytime or at nighttime, because the energy balances 
of the system components are in transition from net energy gain to net 
energy loss (in the late afternoon) or the reverse (in the morning).
Therefore, the best time to start the simulation model is in the early morning 
or late afternoon when it would be assumed
”^ ia  ~  "F fa  " " ^ g  ~  "^2 ”^ o a
and
d ie  d fa  d o a '
if the weather data are available, although the model can be started at any 
time of the day or on any day of the year. To make the model easy to use, 
initial values for the system components (at t = 0 ) for the daytime and 
nighttime can be estimated based on the initial weather data and knowledge
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of the behavior of the shade-house microclimate (Graser and Xia, 1994 and 
unpublished data) according to the following equations.
A t night time (from 1800 to 700 h)
Tc = T , 3  - 2 °C 
Ti3 = T , 3  = T , 3  - 1 °C 
T, = T 3 3  -H 1 °C 
and, if needed,
T 2  = T 3 3
For the day time (from 700 to 1800 h), the initial temperature of the system 
components are determined by both of the solar radiation and outside air 
temperature,
Tc = T 3 3  + 4 °C (RS/RS_)
T | 3  = T , 3  = T 3 3  -f (R S /R S _)*1 °C 
T, = 7 , 3 - 2  X  (RS/RS_) 
where the Rs is the solar radiation flux density, RS,^,^ maximum solar 
radiation from the measured data.
The initial value of the specific humidity for the inside air and the air in 
canopy is calculated based on the assumption that the specific humidity of 
the inside air and the air in the canopy are 0.005 kPa less than that of the 
outside air
Q ia  = d fa  = d o a '  0.005 kPa
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where q „  can be calculated from the relative humidity of the outside air RH„ 
as described in Sections 4.1 .5 and 4.2 .1. The initial liquid water storage is 
zero for the shade cloth and crop canopy,
W , = W, = 0
The initial soil water content, 0v(to) , is 0.259 and the initial liquid water 
storage for the soil, Wg, is 0.259 kg to 2.59 kg if D, is taken as 0.0001 m 
to 0.001 m (Section 3.2 .2 .3  and Section 4.2.9).
The time dependent data, such as the weather data and the irrigation 
schedule, are read from data files and the data are interpolated to the time- 
step of the model. A time step of 2 s is thought to be appropriate. A longer 
value would lim it the gust durations available for calculating the large-scale 
gust transport resistances. These files set the simulation starting time and 
the simulation time period. The half-hour mean weather data are read from 
the weather data file, and are linearly interpolated to provide the data for use 
in the simulation based on the simulation time interval dt. When the 
weather data is completely used, the simulation is terminate; otherwise, the 
simulation checks if a large-scale gust is in progress and applies the Runge- 
Kutta method to solve the six simultaneous coupled differential equations for 
the system state variables T „  T |„ T ,„ Tg, q;„ and q,, (see Equation 4 .14  in 
Section 4.3 .2), which include the energy and water-vapor balance 
components and transport parameterization. Thus, based on the knowledge 
of the system state at time t (YO in Fig. 4.12), the temperature and moisture
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of the shade-house system components are predicted at time t  -i- dt (Y1 in 
Fig. 4.12) by means of the numerical integration method.
After the simulation completes the Runge-Kutta numerical integration, 
the liquid-water balances of the shade cloth, the crop canopy, and the soil 
surface are calculated. When all calculations are finished for that time, the 
data are recorded to an output file w ith the data averaged at an appropriate 
interval. If there are further weather data, the time is advanced one step, 
and the next weather data are obtained; otherwise the simulation stops.
4.5 LIST OF THE MODEL INPUTS
Following input data are needed in the microclimatic model:
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dt time step s 2
Iq time shift s 4 *3 6 0 0
Weather data:
RS shortwave radiation above shade house W m'^ File
RSmean mean solar radiation flux density curve W m‘^ Fig.4.7
maximum solar radiation flux density W m'^ File
T o a temperature of air outside shade house °C File
R H o a relative humidity of air outside shade house % File
PPT precipitation rate m s ’ File
U horizontal wind speed m s ’ File
Shade-house description:
Zsh height of the shade house m 3.0
Shade cloth characteristics:
G c .d ry heat capacity of the dry shade cloth J m® K ’ 0.5E6
r c albedo of the shade cloth — 0.06
t c transmission of the shade cloth — 0.17
V. volume of the shade cloth for a unit area m® 1.75E-5
W e , . a x water-holding capacity of the shade cloth kg 0.096
emissivity of the shade cloth 0.91
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Crop canopy characteristics:
f^.dry
LAI
Tf
■■s
t,
Vf 
W fm ax
heat capacity of the foliage 
leaf area index 
albedo of the crop canopy 
stomatal resistance 
transmission of the canopy 
plant volume in the crop canopy 
water-holding capacity of canopy 
emissivity o f the foliage 
height o f the crop canopy
Soil surface characteristics:
A di
Cg
D,
'■«
fg
0vFC
amplitude of daily soil temperature wave
heat capacity of the soil
depth o f base of surface soil layer
depth of base second soil layer 
albedo of the soil surface 
emissivity o f the soil surface 
field capacity 
soil heat conductivity 
soil thermal d iffusivity
Management data:
IR irrigation rate
Constants:
Ca heat capacity of air
Cw specific heat of water
Da density o f air
D . density o f water
L latent heat o f vaporization
emissivity of sky
a Stefan-Boltzman constant
J m® K ' 2.7E6
m^m'^ 1.7
— 0 . 2
s m ' Fig. 4.8
— 0.36
m® 0.0033
kg 0.043
— 0.95
m 1 . 2
°C 4.12
J m ® K ' Eqn.
m 0 .0 0 1 -
0 .0 1 *
m 0.63
— 0.03
— 0.95
m® m ® 0.271
J m-'K 's  ' Eqn.
m ^s' 0.67E-6
kg m'^s ' File
J m® K ' 1 2 0 0
J kg ® K ' 4180
kg m ® 1 . 2
kg m‘^ 1 0 0 0
J kg ' 2.45E6
— 1 . 0
W m-2 K"" 5.67E-8
' testing is needed
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CHAPTER 5 
MODEL EVALUATION
As the model was developed, a lack of good approaches to or data for 
particular parts o f modeling the shade-house system became evident. 
Evaluating these limitations and the error they can introduce forms a 
conceptual evaluation of the model. This evaluation is particularly relevant 
to guiding basic scientific research. A numerical evaluation indicates how 
well the model performs when compared w ith measured data. This 
evaluation shows how accurate the model is internally, which has relevance 
for scientific research, and how accurately the microclimate can be 
predicted, which has relevance to practical shade-house design and 
management. Finally, the model is evaluated to determine how well it will 
function in its role o f allowing simulation of shade-house design and 
management experiments.
5.1 CONCEPTUAL EVALUATION OF THE MODEL
5.1.1 The Effect of Initial System State and Model Stability Over Time
Because the time constants of the shade cloth, the air, and the crop 
canopy are very small due to their small heat and moisture storage capacity, 
the model is not expected to be sensitive to the initial conditions, for 
example, the temperature, moisture, and water content o f the shade cloth.
inside air, and crop canopy, if the time interval is reasonable. The soil has a 
large heat capacity, but, w ith a selected thickness of the surface layer of 
between 0 . 0 0 1  and 0 . 0 1  m, the simulation should quickly adjust from the 
soil water content and the temperature used for initialization to the real 
conditions. In addition, the values used to initialize the temperature and 
moisture o f the system components in the model should be near the actual 
values because they are based on the measured outside air temperature and 
moisture at the starting time of the simulation.
Since predicting the system state at the time t  + dt requires the 
previous condition at time t, it is important to consider if simulation errors in 
each time step will accumulate and propagate in the simulation results and if 
there is a time lim it to the duration of simulations. Theoretically, there 
should be no time lim it on the simulation duration since the energy and 
water balances for each component in the shade-house system are well 
developed for both day and night and the weather data provides an accurate 
boundary condition over time. The model coupling (feedbacks) can also 
prevent microclimatic conditions from reaching extreme values, for example, 
if one component becomes very hot, it loses more longwave energy and 
energy by sensible-heat convection until its temperature again is close to 
that o f other components. In practice, the model is not perfectly developed 
and coupled, for example, H„ 3  is not determined from the temperature o f the
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components, and one approach to Gb is imperfect and the other approach, 
which omits T,, does not couple T, to the other shade-house components.
The model's short-term usefulness is limited to some extent by the 
parameterization of large-scale gusts through the gust frequency, volume 
exchange, and resistance to exchange. These values, which are estimates 
of averages, cannot allow the model to accurately predict real short-term 
changes in the shade-house state despite the model's short time interval. 
Consequently, the instantaneous model predictions should not be considered 
real (for example, the gust frequency and volume exchange is not really 
constant over time; gusts are not really abrupt), but the model prediction 
should be considered over a 20 to 30 min period (as corresponds to the 
weather data).
5.1 .2 Limitations in the Model Parameterizations
The parameterization of transport processes in the model is weak: the 
values of resistances are mere "educated guesses". When these values are 
too small or large, the shade-house components will be predicted to be more 
similar or different than they really are. Further testing of the non-local 
transport parameters is also needed. El-kilani (1991) said "there is a 
necessity for a correct separation of the different length scales and their 
contribution to the total transport" that is, correct parameterization of local 
and non-local transport. Further model development (Section 5.2.1) will
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minimize these errors; other approaches such as turbulence budget closure 
or Lagrangian approaches to transport may offer certain advantages, but 
they require turbulence data as inputs which may not be available. Liquid 
water on the shade cloth should increase but currently it does not; 
further research may be warranted.
The simple approaches to modeling the soil heat flux (Section 4.2.3) 
lack accuracy and/or coupling. More elaborate methods w ith  multiple layers, 
which may work well for a bare soil, are not developed for a shade house 
using only weather data (no deep soil data) as an input and are inappropriate 
for this irregular unstudied "soil" underlain by broken rocks or solid rock.
The sine-wave approximation may be improved by relating the amplitude of 
the soil-heat flux to the weather through solar radiation or outside 
temperature.
The simple approaches to the soil water balance (Section 4.29) should 
be tested w ith  measured soil-water-content data.
The stomatal resistance for the crop (in the shade-house test case 
anthuriums) is not related to the weather conditions, but only time on what 
is thought to represent an average day, because there is an absence of data 
relating resistance to light, humidity, soil water content, etc. for potential 
crops. Consequently stomata resistance will not respond to day-to-day 
variability. For example, under high levels of solar radiation in the absence 
of water stress, the evaporation from the canopy may be underestimated.
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and the temperature o f the canopy may be overestimated. The stomatal 
resistance of potential shade-house plants needs to be studied further in the 
future to include weather effects.
The longwave radiation from the sky is calculated based on its 
estimated temperature. To estimate the apparent sky temperature 
accurately, the degree of cloudiness needs to be known, but these data are 
not measured directly at the weather station. If the sky cloudiness is 
erroneously estimated, for example, to be cloudy when it is clear, the 
calculated longwave radiation from sky will be different than the real 
radiation. During the daytime, the solar radiation flux density is used to 
identify the sky cloudiness, but, at nighttime, an approach is still needed.
The failure to model the crop temperature separately from the air 
temperature in the crop canopy introduced the problem of determining H„,. 
The approach we used left the amount of canopy cooling (aT) unconnected 
to the amount of water vapor lost (aq). Fully separating the canopy into 
tw o  components — the plants f  and the air in the plant canopy fa — would 
require the energy balances of each component to be expanded 
independently.
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5.2 NUMERICAL EVALUATION OF THE MODEL
5.2.1 Further Model Development or Calibration
Two types of data and information are available for further model 
development or calibration: energy balance data and turbulence 
characteristics information including instantaneous measurements o f wind 
and temperature and observations of smoke. During further model 
development, measured energy-balance components (Section 3.2.5) would 
be compared w ith computed energy-balance components (Fig. 4.1); and 
transport parameterization handled by resistances would be improved by 
further analysis of the turbulence characteristics information (Section 3.2.4). 
This developmental w ork is only possible, due to the necessary amount of 
calculations involved, when the model has been coded in the form of a 
computer program.
Sensitivity analyses, in which variables are increased and deceased, 
individually or in groups, can identify which variables have a significant 
effect on the model results and which warrant further study and 
measurements.
5.2 .2 Model Testing or Validation
When the model has been coded, its predictions of the shade-house 
condition can be compared w ith measurements o f the shade-house 
conditions (Section 3.2.3) to determine the model's accuracy.
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5.3 FUNCTIONAL EVALUATION OF THE MODEL
The shade-house model provides the conceptual basis for new 
thinking about shade-house design and management; however, it also has 
lim itations regarding design and management of shade houses.
Long-term historical weather data need to be located for areas where 
the model may be used to provide an indication of the climatic variability and 
the resulting long-term performance of the microclimate in the shade house 
for which shade houses need to be designed and managed. This will be 
quite valuable in the management of shade houses and the selection of 
suitable shade-house design under the local climatic conditions.
One of the needs for the microclimatic model, mentioned in Chapter 
1 , is to evaluate the effect of shade-house design and management, for 
example, the shade-house height and the shade-cloth properties.
The transmissivity of the shade cloth has a large effect on the 
temperature of the inside air, the canopy, and the ground surface and 
possibly the water-vapor levels because it controls how much solar energy 
penetrates the house and it controls the exchange rate between the inside 
and outside air. The shade-house model is able to predict the effects of 
changes in cloth transmissivity if t,, Fex, and are provided for the
new cloth. The first tw o (t,, can be determined as described in
Chapter 3; the second tw o (Fex and ^3 , 3 ) can be estimated for a small model
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shade house w ith  sonic anemometer data according to Section 4 .1 .6  and 
Graser and Amiro (1991).
The temperature of the shade cloth and, as a consequence, the 
temperature of inside air, the crop canopy, and the ground surface are 
modified by changing the reflectance of the shade cloth due to a reduction 
of the radiation absorbed by the shade cloth. The model is able to predict 
the effects o f changes in r „  simply by changing the value of this one 
variable. (Growers w ill notice, however, that, as r, is increased above current 
levels, t ,  w ill be increased above 0 .2 0 ).
Because the height of the shade house is related to the volume of 
inside air, the concentration of heat, and potentially, the wind speed in 
shade house, changes in the height of the shade house can affect the shade- 
house microclimate. The model can predict the effect of changing the 
height o f the shade house by changing the value of and possibly the 
resistances r^,,, and r^ y,,,.
One simplification made in this model is to assume a component-type 
system which is between a zero- and a one-dimensional approach. Because 
this shade-house model is designed only to represent the uniform area at the 
center o f a large shade house, horizontal heat and water-vapor transport are 
not considered and, hence, the model cannot aid in answering many 
important design and management questions. This shade-house model 
cannot predict, for example, energy dynamics at the edges of the shade
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house or in a small shade house where large temperature gradients exist and 
the horizontal transport of heat and moisture cannot be neglected. Practical 
management questions concern the extent and the magnitude of this edge 
effect.
Because the microclimatic model is a multiple-component model and it 
describes the heat and water-vapor exchange between the components, 
which are assumed to be uniform internally, the model cannot describe the 
vertical temperature and humidity profile in a shade house to the degree a 
fu lly  one-dimensional model would. The temperature inversion is an 
important microclimatic characteristics in a shade house: it suppresses the 
heat and moisture exchange between inside and outside.
To take into account the horizontal heat and water-vapor exchange 
and to describe the vertical distribution of heat and water vapor in shade 
houses, a two-dimensional model will be needed. This is the next major 
step needed in shade-house modeling.
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CHAPTER 6  
SUMMARY AND CONCLUSION
6.1 THE SHADE-HOUSE MICROCLIMATIC MODEL
The microclimatic conditions at the center o f a large shade house are 
predicted by the multiple-component shade-house microclimatic model 
developed here. The model is based on the energy and moisture balances of 
the components w ith both long-distance transport described by a 
parameterization of large-scale, non-local gusts, and local small-scale 
transport described in terms of the temperature and humidity gradient. Six 
coupled differential equations for the temperature and the water vapor 
content of the shade-house components are simultaneously solved 
numerically. In the model, the physical processes in a large shade house can 
be calculated quantitatively.
The microclimatic simulation model for a shade house can provide 
useful information on the microclimate needed for decision making regarding 
design and management of commercial shade houses, and for research of 
shade houses. This research represents the first simulation model o f the 
microclimate in a shade house and it is presented here in full detail. It 
remains to code a working computer program to allow testing o f the model 
w ith measured data and to make predictions to help solve practical 
problems. The model should have value now because of the widespread use
of shading in agriculture and horticulture and the need for research into 
shading.
6.2 AREAS FOR FURTHER RESEARCH
One of the purposes for development of a simulation model is to find 
out what aspects o f the modeled system are poorly understood. As 
discussed in Chapter 5, a number o f areas are poorly understood and need 
further study.
To improve this model the following areas need better approaches, 
knowledge, or data:
1) Parameterization of resistances between model components.
2) Prediction of soil heat flux in a shade house based on weather data.
3) Verification of the soil-water-balance approaches w ith soil-water
data.
4) Determination of stomatal resistance as a function of environmental 
factors for potential crops.
5) Development of an approach to determining cloudiness at night 
w ith  only weather data.
6 ) Investigation o f the advantages and disadvantages of separating 
the canopy surface and air space in the model.
The development of a component-type model which can handle the 
horizontal exchange or a fully two-dimensional model is needed for
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prediction near the edges of large houses and throughout small houses.
Other types of shade houses, for example covered shade houses, also need 
to be modeled.
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